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ABSTRACT
A f l o w  system was designed and co n s t ru c t e d  f o r  the 
s t ud y  o f  the c o r r o s i o n  o f  AISI  Type 3161 s t a i n l e s s  s t e e l
p ipes by 6 6 ° Be* (93.19%) s u l f u r i c  a c id .  An a n a l y t i c a l
p rocedure ,  us ing a tomic  a b s o r p t i o n  s p e c t ro sc o p y ,  was developed 
f o r  the s imu l taneous  d e t e r m i n a t i o n  o f  the th ree  major  
components,  i r o n ,  n i c k e l  and chromium, over  the c o n c e n t r a t i o n  
ranges 30-100,  30-200,  and 20-130 /cgm/ml r e s p e c t i v e l y ,  w i t h  
a r e l a t i v e  e r r o r  no g r e a t e r  than 2%. Three c o r r o s i o n  runs 
were conducted to t e s t  the appara tus .  Ac id a t  60° C was 
passed th rough a h a l f - i n c h  p ipe a t  t h ree  d i f f e r e n t  f l o w
ra te s  i n  the l am ina r  regime.  A l a y e r  o f  i n s o l u b l e  c o r r o s i o n
produc ts  fo rm ing  a t  the metal  su r fa ce  was swept away by a 
st ream o f  wa te r  a t  the c o n c l u s i o n  o f  the t e s t .  The data are 
too i ncomple te  to  p e rm i t  e v a l u a t i o n  o f  the r a t e  o f  c o r r o s i o n  
o r  to de termine i t s  dependence on v e l o c i t y .
111
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I .  INTRODUCTION
Chemical  e n g in e e r i n g  i s  concerned w i t h  the design 
and o p e r a t i o n  o f  machinery  and equipment  f o r  the chemical  
process i n d u s t r i e s ,  where,  very  o f t e n ,  the i n t e r n a l  
env i ronment  tends to d e s t r o y  such equipment .  The e f f i c i e n c y  
o f  these u n i t  processes and o p e ra t i o n s  i s  very  o f t e n  
s i g n i f i c a n t l y  dependent  on the system dynamics.  However,  
the su r fa c e  o f  a metal  exposed to  a c o r r o s i v e  env i ronment  
i n  mot ion suppor t s  t r a n s f e r s  o f  momentum, h e a t ,  and mass, 
so as to  mod i f y  s u b s t a n t i a l l y  the p r e d i c t i o n s  o f  c o r r o s i o n  
ra te s  deduced f rom o r d i n a r y  c o n s i d e r a t i o n s  o f  e q u i l i b r i u m  
and k i n e t i c s .  The r a t i o n a l e  o f  chemical  e n g in ee r in g  i s  to  
m in imize  the o v e r a l l  co s t  o f  a p iece o f  process equ ipment ,  
and s ince the changes i n  the dynamics o f  the system which 
improve equipment  per formance very  o f t e n  i nc rease  c o r r o s i o n ,  
the s e l e c t i o n  o f  m a t e r i a l s  and p r o t e c t i v e  measures i n f l u e n c e  
the economics d r a s t i c a l l y .
Some o f  the genera l  e f f e c t s  o f  system dynamics on a 
c o r r o s i o n  problem are d i scussed by Ross [ 1 ] .  The r a t e  o f  
t r a n s f e r  o f  c o r r o s i v e  or  p r o t e c t i v e  elements to  the metal  
s u r f a c e ,  and the r a t e  a t  which c o r r o s i o n  products  are d i s ­
persed,  are a f f e c t e d .  The i n t e r f a c e  or  su r fa c e  c o n d i t i o n s
1
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may d i f f e r  s i g n i f i c a n t l y  f rom those o f  the bu l k  phase. 
Fu r the rmore,  a g r a d i e n t  i n  one p r o p e r t y  may i n f l u e n c e  t h a t  
o f  ano the r .  In a d i f f e r e n t  paper [ 2 ] ,  Ross d i scusses the 
i n te rdependence o f  c o r r o s i o n  and heat  t r a n s f e r ,  and d iscusses  
the impor tance o f  the d i r e c t i o n  o f  the tempera ture  g r a d i e n t  
a t  the f l u i d - s o l i d  s u r f a c e .
The above c o n s i d e r a t i o n s  i l l u s t r a t e  t h a t  c o r r o s i o n  
p rocesses,  as they occur  i n  i n d u s t r i a l  process equ ipment ,  
have f a c t o r s  s t r o n g l y  dependent  on the p r i n c i p l e s  o f  t r a n s ­
p o r t  phenomena as w e l l  as those based on thermodynamics 
and e l e c t r o d e  k i n e t i c s .  Much more work w i l l  have to  be 
done on c o r r o s i o n  processes i n v o l v i n g  movement o f  the 
env i ronmen t ,  and i n  such a way t h a t  the hydrodynamics o f  
the system are c l e a r l y  d e f i n e d .
This i s  the i n t e n t  o f  the p r esen t  work.  In o rd e r  to 
conduct  such a s t u d y ,  two s h o r t  term o b j e c t i v e s  must be 
ach ieved ,  which r e a l l y  d e f i n e  the scope o f  t h i s  work.
The f i r s t  o f  these i s  the design and c o n s t r u c t i o n  o f  a 
f l o w  system which w i l l  adequate l y  f a c i l i t a t e  such a s t u d y .
The system must be such t h a t  the f l o w  i s  hy d ro d yn a m ica l l y  
d e f i n e d ,  as,  f o r  example,  t h a t  i n  a p ipe a t  a s u f f i c i e n t  
d i s t a n c e  from the en t rance  where the f l o w  i s  f u l l y  deve loped.  
S u i t a b l e ,  n o n - m e t a l l i c  m a t e r i a l s  o f  c o n s t r u c t i o n  must be 
s e le c te d  so t h a t  the on l y  metal  i n  c o n t a c t  w i t h  the c o r r o s i v e  
medium i s  the t e s t  s e c t i o n .  The r a t e  o f  f l o w  o f  the c o r r o s i v e  
medium must be a c c u r a t e l y  d e te rm in a b le .  Fu r thermore ,  the
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3t emperature  and gas d i s p e r s i o n  must be c o n t r o l l e d .  A l l  o f
these would ensure the a c q u i s i t i o n  o f  meaningfu l  da ta .
*
Apar t  f rom t h i s ,  however,  the f l o w  system must 
possess f l e x i b i l i t y .  I t  must a l l o w  f o r  changes i n  the many 
v a r i a b l e s  which may a f f e c t  the c o r r o s i o n  p rocess ,  and i t  must 
be p o s s i b l e  to s tudy  a g r e a t  number o f  d i f f e r e n t  meta ls  
and c o r r o s i v e  env i ronments  w i t h o u t  major  changes i n  the 
appara tus .  Fu r thermore ,  the system should be one which 
cou ld  e v e n t u a l l y  be used f o r  c o r r o s i o n  s t u d ie s  i n v o l v i n g  
heat  t r a n s f e r  a n d /o r  p r o t e c t i v e  te ch n i qu es .
The second o f  these s h o r t  term o b j e c t i v e s  i s  the 
development  o f  a reasonab ly  accu ra te  a n a l y t i c a l  procedure 
f o r  use i n  the i n v e s t i g a t i o n .  The method should possess a 
f a i r l y  low d e t e c t i o n  l i m i t  so t h a t  some knowledge may be 
gained o f  i n i t i a l  p rocesses.  The procedure must be easy 
to  accompl i sh and r a p i d ,  i n v o l v i n g  the minimum o f  a n a l y t i c a l  
t echn iques which r e q u i r e  a g r e a t  deal  o f  s k i l l  on the p a r t  
o f  the a n a l y s t  as w e l l . a s  a g r e a t  deal  o f  t ime .  This  w i l l  
ensure t h a t  the re s ea rc h e r  w i l l  be able to  ana lyse a g r e a t  
many samples i n  a reasonab le pe r i od  o f  t ime .  The method 
must a lso  r e q u i r e  o n l y  a smal l  volume o f  s o l u t i o n  to  m i n i ­
mize the e r r o r  asso c ia t ed  w i t h  sampl ing and r e p l e n i s h i n g  
w i t h  pure ac id .
The metal  and c o r r o s i v e  env i ronment  chosen f o r  t h i s  
s tudy were AISI  Type 316L s t a i n l e s s  s t e e l  and 6 6 ° Be (93.19%) 
s u l f u r i c  a c i d ,  a common i n d u s t r i a l  s t r e n g t h .  Several  p rob ­
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4lems a r i s e  because o f  t h i s  s e l e c t i o n .  Comp l i ca t i ons  are 
i n t r od u c e d  i n t o  the a n a l y t i c a l  problem because severa l  
m e t a l l i c  elements must be cons ide red  w i t h  an a l l o y  and the 
l i k e l i h o o d  o f  mutual  i n t e r f e r e n c e  among these e x i s t s .  Con­
c e n t r a t e d  s u l f u r i c  ac id  p resen ts  problems because c o n s i d e r ­
ab le  sample d i l u t i o n  w i l l  be r e q u i r e d  p r i o r  to  a n a l y s i s ,  
r e s u l t i n g  i n  a r e d u c t i o n  o f  t r u e  d e t e c t i o n  l i m i t .  More­
o v e r ,  co nc en t ra ted  s u l f u r i c  ac id  p resents  c o n s t r u c t i o n a l  and 
s a f e t y  problems.  These exper imen ta l  drawbacks are more than 
compensated however by the i n d u s t r i a l  impor tance o f  t h i s  
m a t e r i a l  and ac id ,a nd  a l so  by the i n t e r e s t i n g  phenomena 
o f  p a s s i v i t y  which so f r e q u e n t l y  accompanies s t a i n l e s s  s t e e l  
and s u l f u r i c  ac id .
There are seve ra l  long term o b j e c t i v e s  o f  the research 
program o f  which t h i s  work i s  bu t  the f i r s t  s tep .
The p e c u l i a r i t y  o f  the approach t h a t  i s  being 
proposed here i s  t h a t  i t  a l l ows one to  f o l l o w  the con­
c e n t r a t i o n s  o f  the i n d i v i d u a l  m e t a l l i c  components o f  the 
a l l o y  v i z . ,  i r o n ,  n i c k e l  and chromium. This i n f o r m a t i o n  may 
be very  use fu l  i n  e s t a b l i s h i n g  the mechanism o f  c o r r o s i o n  or  
p a s s i v i t y .
The i n f l u e n c e  o f  f l o w  on the t r a n s i t i o n  f rom the a c t i v e  
to  the pass i ve  s t a t e  may be dete rm ined.  I t  i s  known t h a t  the 
presence o f  d i s s o l v e d  a i r  a f f e c t s  t h i s  t r a n s i t i o n  and i t  i s  
to be expected then t h a t  f l o w  dynamics w i l l  have a c o n s i d e r ­
ab le  e f f e c t .
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5The anodic  p r o t e c t i o n  o f  a f l o w i n g  system may be 
s t u d i e d ,  and the e f f e c t  o f  f l u i d  f l o w  on the c u r r e n t  r e q u i r e d  
to  achieve and m a in ta i n  p a s s i v i t y  may be e s t a b l i s h e d .
Exper iments cou ld  be conducted under c o n d i t i o n s  o f  heat  
t r a n s f e r  t o  o r  f rom f l o w i n g  ac id  i n  a p ipe .  The e f f e c t  o f  
heat  f l u x  and i t s  d i r e c t i o n  on the c o r r o s i o n  r a t e  and the 
a c t i v e  to  pass ive  t r a n s i t i o n  could be determined.  Thus the 
i n f l u e n c e  o f  the s imu l taneous  t r a n s p o r t  o f  momentum, heat  and 
mass to the s u r fa ce  on the c o r r o s i o n  process may be s t u d i e d .  
Knowledge gained from such a s tudy cou ld be used to  determine 
the optimum design o f  a heat  exchanger  s e r v i c i n g  a c o r r o s i v e  
f l u i d .
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I I .  LITERATURE SURVEY
A. The I n f l u e n c e  o f  V e l o c i t y  on Cor ros ion
The impor tance o f  the r e l a t i v e  movement between the 
env i ronment  and a c o r r o d i n g  s u r fa ce  has been a p p re c ia t e d  f o r  
many y e a rs .  The f i r s t  systemmat ic  i n v e s t i g a t i o n  o f  the 
e f f e c t  o f  v e l o c i t y  on c o r r o s i o n  occu r red  about  s i x t y  years  
ago and s ince then many s t u d ie s  have been made. The 
m a j o r i t y  o f  these was concerned w i t h  the c o r r o s i o n  o f  i r o n  
and s t e e l  p ipes by f l o w i n g ,  oxygenated wa t e r .  E x c e l l e n t  
rev iews o f  these i n v e s t i g a t i o n s  are g iven  by S h i f r i n  [ 3 ]  i n  
1955 and by Romeo, S k r in d e ,  and E l i as sen  [ 4 ]  i n  1958. 
C o n f l i c t i n g  data and c o n t r a d i c t i o n s  among many o f  these 
e a r l y  workers obscures any genera l  con c lu s io ns  r e ga rd in g  
the e f f e c t  o f  v e l o c i t y  on the c o r r o s i o n  process.
There are many reasons f o r  c o n t r a d i c t i o n s  among the 
e a r l y  worke rs .  In some cases d i f f e r e n t  methods were used 
to s tudy  the c o r r o s i o n  r a t e  o f  s i m i l a r  systems.  For example,  
i n  one s tudy  oxygen consumpt ion was measured to  determine 
c o r r o s i o n  r a te s  whereas i n  a second s tudy  i r o n  p ickup was 
measured. U n c e r t a i n t i e s  arose i n  some s t u d i e s  f rom a l a c k  
o f  d e f i n i t i o n  o f  the degree o f  a e r a t i o n ;  t h a t  i s ,  whether  
oxygen s a t u r a t e d  or  oxygen f r e e  c o n d i t i o n s  had r e a l l y  been
6
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7achieved.  Fur the rmore ,  some i n v e s t i g a t o r s  paid l i t t l e  or  
no a t t e n t i o n  to  s u r fa c e  p r e p a r a t i o n .
However,  one o f  the most im p o r t a n t  reasons f o r  d i s ­
c repanc ies  i s  t h a t  the p a t t e r n s  o f  f l u i d  movement were i n  
many cases h y d r a u l i c a l l y  d i s s i m i l a r .  Most o f  the e a r l y  
wo rk e rs ,  and indeed many p r esen t  workers used a r o t a t i o n  
techn ique to  determine the e f f e c t  o f  v e l o c i t y  on c o r r o s i o n .  
The reason f o r  t h i s  i s  q u i t e  s im p l e .  The immersion o f  a 
r o t a t i n g  c y l i n d e r  or  d i s k  i n t o  a beaker  o f  l i q u i d  i s  ex ­
p e r i m e n t a l l y  s imple  and reasonab ly  i n e x p e n s i ve .  Cornet  [ 5 ]  
c r i t i c i z e s  these approaches however,  on the bas is  t h a t  
t he re  has been l i t t l e  success i n  a p p ly in g  the r e s u l t s  f rom 
r o t a t i o n  exper iments to  more common f l o w  p a t t e r n s .  The 
i n d u s t r i a l l y  i m p o r t a n t  case o f  f l o w  through a pipe i s  the 
bas i s  o f  h i s  work.
Voora [ 6 ]  concludes t h a t  o f  the many exper imen ta l  
methods f o r  v a ry in g  f l o w  in  c o r r o s i o n  s t u d i e s ,  o n l y  f l u i d  
f l o w  through a p ipe i s  l e g i t i m a t e .  For the o t h e r  methods,  
i t  i s  imp o ss ib le  to  o b t a i n  a d e f i n i t i v e  va lue f o r  the 
hydrodynamic s i t u a t i o n  t h a t  r e s u l t s .  In f a c t  he suggests 
t h a t  the l a ck  o f  agreement among severa l  o f  the i n v e s t i g a t o r s  
us ing methods o t h e r  than f l o w  through pipes i s  due to  the 
i n a b i l i t y  to make hydrodynamic compar isons among the 
va r i ous  exper imen ts .
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8B. Cor ros ion  I n v o l v i n g  Flow Through a Pipe
In 1923 S p e l l e r  and Kendal l  [ 7 ]  s t u d ie d  the i n f l u e n c e  
o f  v e l o c i t y  on the c o r r o s i o n  o f  s t e e l  pipes by oxygenated 
w a t e r .  In the l a m in a r  f l o w  reg ime ,  the c o r r o s i o n  r a t e  was 
l ow ,  but  i ncreased r a p i d l y  i n  the c r i t i c a l  r e g i o n  where 
th e re  was a t r a n s i t i o n  f rom la m in a r  to  t u r b u l e n t  f l o w .  In 
the t u r b u l e n t  regime the c o r r o s i o n  r a t e  con t i nued to  i nc re ase  
but  less r a p i d l y .  Under no c i r cumstances d id  the c o r r o s i o n  
r a t e  decrease w i t h  an i nc reas e  i n  v e l o c i t y  as suggested by 
some e a r l i e r  work [ 8 ] .
In 1945 Hatch and Rice [ 9 ]  conducted an i n v e s t i g a t i o n  
i n t o  the impor tance o f  v e l o c i t y  on the e f f e c t i v e n e s s  o f  
i n h i b i t o r s  i n  combat ing the c o r r o s i o n  o f  s t e e l  tubes by tap 
w a te r .  The c o r r o s i o n  r a t e  i nc reased r a p i d l y  as v e l o c i t y  was 
i nc reased  from s t ag na n t  c o n d i t i o n s ,  bu t  i nc reased a t  a s lower  
r a t e  a t  h ig h e r  v e l o c i t i e s  and f i n a l l y  became independent  o f  
f l o w  r a t e .
The autho rs  deduced t h a t  the c o r r o s i o n  r a t e  was 
determined by the a v a i l a b i l i t y  o f  oxygen at  the metal  
s u r f a c e .  Under s ta g n a n t  c o n d i t i o n s ,  the r e g i on  a d ja c e n t  to  
the su r fa ce  became dep le ted  o f  oxygen and the r a t e  o f  
c o r r o s i o n  was governed by the r a t e  a t  which oxygen was 
t r a n s p o r t e d  to  the s u r fa c e  by m o le c u l a r  d i f f u s i o n .  I n c r e a s ­
ing the v e l o c i t y  caused i n c r e a s i n g  mechanical  m ix ing  and 
consequen t ly  the c o r r o s i o n  r a t e  inc reased as more oxygen 
reached the s u r f a c e .  At s u f f i c i e n t l y  h igh v e l o c i t i e s  the
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9t r a n s p o r t  o f  oxygen to  the su r fa c e  was so r a p i d  t h a t  the 
supp ly  exceeded the consumpt ion o f  oxygen by the c o r r o s i o n  
process.  Consequen t l y ,  f u r t h e r  i nc reases i n  v e l o c i t y  had 
no e f f e c t  on the r a t e  o f  c o r r o s i o n .
In 1948 LaQue [ 1 0 ]  s t u d i e d  the c o r r o s i o n  o f  s t e e l  
p ipes by seawater .  He r e p o r t e d  t h a t  even a t  v e l o c i t i e s  
as high as 25 f t / s e c ,  the c o r r o s i o n  r a t e  cont inued  to  i n ­
c re ase ,  a l t hough very  s l o w l y .  He concluded t h a t  the h igh 
c o n c e n t r a t i o n  o f  c h l o r i d e  ions r e ta r d e d  the p a s s i v a t i o n  
o f  i r o n  by oxygen.
Romeo [ 4 ] ,  i n  1958, analysed h y d r a u l i c a l l y  seve ra l  
common c o r r o s i o n  t e s t i n g  methods to determine the t h e o r e t i c a l  
i n f l u e n c e  o f  v e l o c i t y  on the c o r r o s i o n  process.  For s t e a d y ,  
f u l l y  deve loped,  t u r b u l e n t  f l o w  i n  smooth tubes he de r i v ed  
the exp ress ion
where h = c o r r o s i o n  r a t e
l<i ,l< 2  = Dimensional  cons tan ts  
V = average v e l o c i t y  
D = p ipe d iamete r  
Re = Reynolds number.
To s u b s t a n t i a t e  h i s  co n c lu s i on s  he pumped tap water  
t hrough s h o r t  l en g ths  o f  s t e e l  p ipe o f  v a r y in g  d iameters  and 
determined c o r r o s i o n  r a te s  by we igh t  l oss  measurements.
K,V
Re0.125
( 2 - 1 )
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In l a m in a r  f l o w  the c o r r o s i o n  r a t e  was n e a r l y  c o n s t a n t  
over  the 42 days o f  t e s t i n g .  A g e l a t i n o u s  and e a s i l y  removed 
brown d e p o s i t  was observed.
In t u r b u l e n t  f l o w  the c o r r o s i o n  r a t e  i nc reased  as the 
v e l o c i t y  i n c r eas ed .  Wi th c o n t i n u i n g  exposure the c o r r o s i o n  
r a t e  decreased because o f  the fo rm a t io n  o f  a p r o t e c t i v e  
l a y e r  o f  c o r r o s i o n  p ro d u c t .
Romeo d id  not  succeed in  s u b s t a n t i a t i n g  h i s  t h e o r e t i c a l  
conc lus ions  because o f  the f o r m a t io n  o f  a c o r r o s i o n  p r odu c t  
l a y e r .  This  d i s r u p t e d  the l a m in a r  su b la ye r  upon which h i s  
t h e o r e t i c a l  a n a l y s i s  was based.
In 1961 Cornet ,  B a r r i n g t o n ,  and Behrs ing [ 5 ]  s t u d ie d  
the c o r r o s io n  o f  copper  pipes c a r r y i n g  aerated 2.1 N s u l f u r i c  
ac id  a t  30° C. Under these c o n d i t i o n s  the c o r r o s i o n  process 
was c o n t r o l l e d  by oxygen d e p o l a r i z a t i o n .  The c o r r o s i o n  
r a t e  was determined by p e r i o d i c  sampl ing and s p e c t r o p h o t o -  
m e t r i c  a n a l y s i s  o f  the ac id  s o l u t i o n  f o r  copper c o n t e n t .
In the l a m in a r  f l o w  reg ime ,  the c o r r o s i o n  r a t e  inc reased 
s l o w l y  w i t h  i n c r e a s i n g  Reynolds number. Between Reynolds 
numbers o f  2000 and 3500 the data show a r a p i d  i nc reas e  i n  
c o r r o s i o n  r a t e  w i t h  i n c r e a s i n g  t u r b u le n c e  up to  a Reynolds 
number o f  about  10,000.  The data show no p e r s i s t e n t  e f f e c t  
o f  p ipe d iamete r  on c o r r o s i o n  r a t e .  Above Reynolds number
1 0 , 0 0 0  the c o r r o s i o n  r a t e  approaches a co n s t a n t  v a l u e ,  
p robab ly  due to a c t i v a t i o n  p o l a r i z a t i o n .
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The authors  a lso  a t tempted to  f i t  the c o r r o s i o n  data to  
mass t r a n s f e r  c o r r e l a t i o n s  f o r  t u r b u l e n t  f l o w  in  a p ipe 
ob ta ined  from e m p i r i c a l  heat  t r a n s f e r  c o r r e l a t i o n s .  The 
data f i t  the l i n e  w i t h i n  a t 15% band,  i n d i c a t i n g  t h a t  the 
e f f e c t  o f  d iamete r  on the c o r r o s i o n  r a t e  was not  d i s t i n g u i s h ­
a b le .
In 1962 Ross and Jones [1 1 ]  i n v e s t i g a t e d  the e f f e c t  o f  
f l o w  r a te  on the i n h i b i t i n g  a c t i o n  o f  t h i o u r e a  on the 
c o r r o s i o n  o f  m i l d  s t e e l  p ipes by 0 .5 M s u l f u r i c  ac id  a t  
40°C.
At low f l o w  r a t e s ,  low c o n c e n t r a t i o n s  o f  t h i o u r e a  
a c t i v a t e  c o r r o s i o n ,  but  i n h i b i t i o n  becomes apparent  as the 
c o n c e n t r a t i o n  i s  i nc re ase d .  As the f l o w  r a te  i s  i n c r e a s e d ,  
however,  the c o r r o s i o n  r a t e  i n  the presence o f  2 x 1 0 “ ^ M
-  Ot h i o u r e a  i s  l ess  than i n  p l a i n  a c i d .  Th iourea a t  5x10 M 
f a i l s  to  i n h i b i t  a t  h ig h e r  v e l o c i t i e s ,  and indeed a c t i v a t e s  
c o r r o s i  on.
The inc re ase  in  c o r r o s i o n  r a te  cor responds r o u g h ly  to  
the a u t h o rs '  p r e d i c t i o n s  o f  mass t r a n s f e r  t h e o ry  i n  a l l  cases 
except  the l owes t  c o n c e n t r a t i o n  o f  i n h i b i t o r .  In t h i s  
i n s ta n c e  the autho rs  suggest  t h a t  the d i s s o l u t i o n  process i s  
no t  d i f f u s i o n - c o n t r o l l e d .  In the case o f  5x10 M t h i o u r e a  
a f u r t h e r  d e p o l a r i z a t i o n  takes p lace a t  h ig h e r  v e l o c i t i e s  and 
the authors  suggest  t h a t  mixed r e a c t i o n s  occur  not  a l l  o f  
which are d i f f u s i o n a l l y  c o n t r o l l e d .
In 1964 Voora,  Mahato and Sh e m i l t  [ 6 ]  proposed a mass
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t r a n s f e r  c o r r e l a t i o n  f o r  s t e e l  p ipe c o r r o s i o n  and a l so  
conducted exper imenta l  work us ing n a t u r a l  wa te r  a t  150°F.
T h e i r  r e s u l t s  show an e x p o n e n t i a l  decrease in  the c o r r o s i o n  
r a t e  w i t h  passing t ime .
This b eh av io r  i s  e x p la in e d  by a double r e s i s t a n c e  
model proposed by the a u t h o rs .  The c o r r o s i o n  r a t e  i s  
assumed to  be c o n t r o l l e d  by the d i f f u s i o n  o f  oxygen to  the 
metal  s u r f a c e .  This  d i f f u s i o n  i s  r e s i s t e d  by a l i q u i d  
boundary l a y e r  dependent  on Reynolds number as w e l l  as a 
t im e-dependen t ,  porous,  c o r r o s i o n  p r oduc t  l a y e r .  T h e i r  data 
f i t  the s e m i - e m p i r i c a l  exp res s io n  reasonab ly  w e l l .
In 1967 P o s t l e t h w a i t e  and Hurp [1 2 ]  conducted a 
p o t e n t i o s t a t i c  s tudy  o f  the e f f e c t s  o f  f l o w  and a e r a t i o n  on 
the c o r r o s i o n  beh av io r  o f  n i c k e l  i n  s u l f u r i c  ac id  s o l u t i o n s .  
The c r i t i c a l  c u r r e n t  d e n s i t y  re q u i r e d  f o r  p a s s i v a t i o n  i s  
d r a m a t i c a l l y  a f f e c t e d  by f l o w ,  i n c r e a s i n g  r a p i d l y  f rom r e s t  
t o  a co n s ta n t  va lue  a t  h ig h e r  f l o w  r a t e s .
The authors  e x p l a i n  t h e i r  r e s u l t s  on the bas i s  o f  
mass t r a n s f e r  t h e o r y .  At  a Reynolds number o f  about
1 0 , 0 0 0  the i n t e r f a c i a l  c o n c e n t r a t i o n  o f  n i c k e l  ions approaches 
the bu l k  c o n c e n t r a t i o n  and the re  i s  no f u r t h e r  e f f e c t  o f  i n ­
c reas i ng  the f l o w  r a t e .
C. Cor ros ion  I n v o l v i n g  S t a i n l e s s  Stee l  and S u l f u r i c  Acid
In 1950 K i e f e r  and Renshaw [ 1 3 ]  i n v e s t i g a t e d  the 
c o r r o s i o n  behav io r  o f  f o u r  commercial  s t a i n l e s s  s t e e l s
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(Types 304, 310, 316, 317) i n  s u l f u r i c  ac id  s o l u t i o n s  over  
the c o n c e n t r a t i o n  range f rom 0 to  95 per  cen t .  Co r ros ion  
r a te s  were e s t a b l i s h e d  by we ig h t  loss  o f  the metal  coupons 
a f t e r  2 hours exposure i n  the s o l u t i o n s .  Tests were con­
ducted a t  f o u r  t emperatures rang ing between 100 and 200°F.
The authors  drew p a r t i c u l a r  a t t e n t i o n  to  t h e i r  t e s t i n g  
procedure i n  which the prepared samples were a c t i v a t e d  by 
immersion i n  h o t ,  5% h y d r o c h l o r i c  ac id  s o l u t i o n  im med ia te l y  
p r i o r  to immersion i n  the t e s t i n g  medium. This  procedure 
ensured t h a t  the meta l s would cor rode a t  t h e i r  normal a c t i v e  
ra te s  immed ia te l y  upon immersion i n t o  the a c i d .  I f  the sam­
p les  were not  p r e a c t i v a t e d ,  w i d e l y  v a ry in g  pe r iods  o f  t ime 
would be r e q u i r e d  f o r  them to become a c t i v e  a f t e r  immers ion,  
and e r r o r s  would r e s u l t  i n  c o r r o s i o n  ra te s  determined by 
w e ig h t  l o s s .
The authors  presented data over  the m a t r i x  o f  ac id  
c o n c e n t r a t i o n s  and temperatures  i n d i c a t e d  above. From t h i s  
data i t  was p o s s ib le  to  d e l i n e a t e  a c t i v e  and pass ive  reg ions  
over  the m a t r i x  s t u d i e d .
Of p a r t i c u l a r  impor tance was t h e i r  f i n d i n g  t h a t  the 
c o r r o s i o n  r a t e  o f  type 316 s t a i n l e s s  s t e e l  was e s s e n t i a l l y  
co n s t a n t  under v a r io us  s t a t e s  o f  a e r a t i o n .  These in c l u d e d :  
a) as mixed,  b) deaera ted ,  c) hydrogen bubbled through 
s o l u t i o n  du r i ng  e n t i r e  t e s t  p e r i o d ,  and d) a i r  bubbled th rough 
s o l u t i o n  du r ing  e n t i r e  t e s t  p e r i o d .  As a r e s u l t  o f  t h i s  a l l  
subsequent  t e s t s  were per formed in  the as mixed c o n d i t i o n .
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Like  m i l d  s t e e l ,  s t a i n l e s s  s t e e l s  e x h i b i t e d  ve ry  good 
c o r r o s i o n  r e s i s t a n c e  to  co n c e n t ra te d  s u l f u r i c  ac id  (95% and 
o v e r ) .  At  such h igh c o n c e n t r a t i o n s ,  i o n i z a t i o n  o f  the ac id  i s  
ex t re m e ly  low and the c o r r o s i o n  p roduc ts  t h a t  d id  form on 
the su r fac e  o f  the i r o n  and s t e e l  were p r a c t i c a l l y  i n s o l u b l e  
i n  the a c i d ,  t h e reby  s e t t i n g  up a b a r r i e r  a g a i n s t  f u r t h e r  
a t t a c k .
In 1957 Phelps and Vreeland [ 1 4 ]  s t u d i e d  the c o r r o s i o n  
o f  s i x  types o f  s t a i n l e s s  s t e e l  (Types 304, 310, 316, 317,
321 and 347) i n  a i r - s a t u r a t e d  and n i t r o g e n - s a t u r a t e d  
s u l f u r i c  ac id  s o l u t i o n s  a t  30,  50 and 70° C. Cor ros ion  
ra te s  were determined by we igh t  l oss  f rom t e s t s  l a s t i n g  
f rom 24 to 96 hours.
The c o r r o s i o n  ra te s  o f  the s i x  types o f  s t a i n l e s s  s t e e l s  
a t  the v a r i o us  temperatures  are g iven i n  t a b u l a r  form f o r  ac id  
c o n c e n t r a t i o n s  rang ing f rom 0.1 to  96.0 per cent  by w e ig h t .  
From t h i s  data the autho rs  were ab le  to  show a c t i v e - p a s s i v e  
reg ions  f o r  the v a r io us  types o f  s t a i n l e s s  s t e e l s .  I t  was 
observed t h a t  a i r  s a t u r a t i o n  markedly  extends the pass ive  
r e g i o n .  This i s  i n  d isagreement  w i t h  the r e s u l t s  o f  K i e f e r  
and Renshaw [1 3 ]  who found t h a t  a i r  s a t u r a t i o n  had no e f f e c t  
on the c o r r o s i o n  o f  s t a i n l e s s  s t e e l  i n  s u l f u r i c  a c i d .  The 
in t e r m e d i a t e  p o s i t i o n  o f  t h e i r  curve between the data f o r  the 
a i r - s a t u r a t e d  and a i r - f r e e  c o n d i t i o n s  o f  the p r esen t  work 
i n d i c a t e s  t h a t  some d i s s o l v e d  a i r  was p resen t  i n  the as 
mixed a c id .  The autho rs  suggested t h a t  K i e f e r  and Renshaw
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
15
ran t h e i r  t e s t  f o r  the i n f l u e n c e  o f  d i s s o l y e d  oxygen under 
c o n d i t i o n s  t h a t  would produce p a s s i v i t y  r e ga rd le ss  o f  
d i s s o l v e d  gases and hence cou ld  not  d e t e c t  a d i f f e r e n c e  i n  
c o r r o s i o n  r a t e s .
The authors  a l so  demonst rated the impor tance o f  su r fa c e  
p r e p a r a t i o n  by d e te rm in in g  c o r r o s i o n  ra te s  o f  specimens 
prepared on d r y - b e l t ,  and on w e t - b e l t  g r i n d e r s ,  i n  v a r io us  
medium c o n c e n t r a t i o n s  o f  ac id  a t  70°C. Enormous d i f f e r e n c e s  
r e s u l t  ( e . g . ,  0.037 vs.  1410 m i l s  per  month i n  50% h^SO^) 
w i t h  specimens prepared on a w e t - b e l t  g r i n d e r  e x h i b i t i n g  
the lower  c o r r o s i o n  r a t e s .  I t  i s  suggested t h a t  improper  
g r i n d i n g ,  r e s u l t i n g  i n  h igh m e t a l - s u r f a c e  temperatures  , can 
cause s t resses  t h a t  a c c e l e r a t e  the a t t a c k  o f  c o r r o d e n t s .
In 1960 Sudbury,  R iggs,  and Shock [ 1 5 ]  conducted anodic  
p a s s i v a t i o n  s t u d ie s  o f  v a r io us  s t r u c t u r a l  meta l s i n  67% 
s u l f u r i c  ac id  a t  va r i o u s  temperatures up to  200°F. The 
meta ls  i n c l u d e d  302, 304, 310, 316, 405,  410 and 446 s t a i n l e s s  
s t e e l s ,  1020 m i l d  s t e e l ,  t i t a n i u m ,  aluminum and bronze.  In 
o r de r  to make the s u r fa ce  a c t i v e  immed ia te l y  upon exposure to  
the c o r r o s i v e  env i ronmen t ,  the t e s t  coupons were e l e c t r o l y t i -  
c a l l y  descaled i n  67% by we igh t  s u l f u r i c  a c id .  The c u r r e n t  
d e n s i t y  r e q u i r e d  to  o b t a in  p a s s i v i t y ,  and t h a t  r e q u i r e d  to 
m a in ta in  i t  were determined f o r  the v a r io us  s t e e l s  a t  d i f f e r e n t  
t e m p e r a t u r e s .
In o rde r  to  de termine whether  anodic p r o t e c t i o n  can be 
a p p l i e d  to  f l o w i n g  systems an exper iment  was conducted by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
16
pumping ac id  th rough a c i r c u l a t i n g  p ipe loop o f  304 s t a i n l e s s  
s t e e l .  Of the severa l  runs conduc ted,  one was w i t h o u t  
p r o t e c t i o n .  In the o the rs  w i t h  p r o t e c t i o n ,  the e l e c t r o d e s  
were placed in  d i f f e r e n t  p o s i t i o n s  each t ime .  P e r i o d i c a l l y  
samples were wi thdrawn du r ing  each run and analysed f o r  
i r o n .  The i r o n  c o n c e n t r a t i o n - t i m e  p r o f i l e  i l l u s t r a t e d  by 
the authors  i s  l i n e a r .  No ment ion was made o f  a e r a t i o n  or  
the c o n d i t i o n  o f  f l o w .  The anodic  p r o t e c t i o n  r e ta r d e d  
c o r r o s i o n  a lmost  co m p l e t e l y .
In o r de r  to  determine the f e a s a b i l i t y  o f  anodic  p r o t e c t i o n  
o f  f u l l  s i z e  equipment  a p i l o t  t e s t  was conducted on a 500 
g a l l o n  304 s t a i n l e s s  s t e e l  tank  f i l l e d  w i t h  67% s u l f u r i c  a c i d .  
Once again samples were wi thd rawn  p e r i o d i c a l l y  but  t h i s  t ime 
they  were analysed f o r  n i c k e l  and chromium as w e l l  as i r o n .
The p l o t  o f  metal  c o n c e n t r a t i o n  versus t ime shows a s i g n i f i ­
cant  change in  c o r r o s i o n  r a t e  a t  about  3 to  5 hours exposure ,  
and a co n s t a n t  c o r r o s i o n  r a t e  a f t e r  t h i s  change. The autho rs  
make no e f f o r t  to. e x p l a i n  t h i s  phenomena and indeed,  t h e re  i s  
no re a l  reason why they shou ld .  They were q u i t e  su cc es s f u l  i n  
demonst ra t ing  t h a t  anodic  p r o t e c t i o n  works j u s t  as w e l l  on 
f u l l  s i z e  equipment  as i t  does on l a b o r a t o r y  s i z e  coupons.
In 1965 F o r o u l i s  [ 1 6 ]  conducted fundamental  s t u d ie s  on 
the anodic p r o t e c t i o n  o f  type 316 s t a i n l e s s  s t e e l  i n  s u l f u r i c  
a c i d .  Acid c o n c e n t r a t i o n s  ranged from 3 to  92% and temperatures 
f rom 34 to  121°C. He concluded t h a t  anodic  p r o t e c t i o n  i s  
p r a c t i c a l  over  the whole range o f  ac id  c o n c e n t r a t i o n s  s t u d ie d
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f o r  temperatures  as h igh  as 75°C. For the c o n c e n t r a t i o n s  
g r e a t e r  than 60% and less,  than 2 0 % HgSO^ anodic p r o t e c t i o n  
i s  f e a s i b l e  up to 100°C.
To t e s t  the e f f e c t i v e n e s s  o f  anodic p r o t e c t i o n  the 
c o r r o s i o n  ra te s  o f  a n o d i c a l l y  p r o t e c t e d  and unp ro t ec te d  
t e s t  specimens were determined by we igh t  loss  measurements.  
Cor ros ion  r a te s  were a l so  c a l c u l a t e d  by Faraday ' s law from 
s t e a d y - s t a t e  pass ive  c u r r e n t s ,  measured du r ing  the anodic 
p r o t e c t i o n  t e s t s .  In the c r i t i c a l  r eg i on  between 20 and 60% 
HgSO^ where the maximum c o r r o s i o n  o f  s t a i n l e s s  s t e e l  o cc u rs ,  
anodic  p r o t e c t i o n  reduces c o r r o s i o n  by a t  l e a s t  a f a c t o r  o f  
500.
The c lose  agreement between c o r r o s i o n  ra te s  c a l c u l a t e d  
f rom the s teady s t a t e  pass i ve  c u r r e n t  and those determined 
by we igh t  loss c l e a r l y  i l l u s t r a t e d  t h a t  the c o r r o s i o n  r a te s  o f  
a n o d i c a l l y  p r o t e c t e d  s t a i n l e s s  s t e e l  cou ld  be measured by 
m o n i to r i n g  the c u r r e n t .
D. A n a ly s i s  o f  Major  S t a i n l e s s  S tee l  Components i n  S u l f u r i c  
Ac i  d
The purpose o f  the a n a l y t i c a l  procedure to  be developed 
i s  to  measure s im u l t a n e o u s l y  the c o n c e n t r a t i o n s  o f  i r o n ,  
n i c k e l  and chromium in  93% s u l f u r i c  a c i d .  The method must 
be reasonab ly  a c c u r a t e ,  f a i r l y  r a p i d ,  easy to  p e r f o r m ,  and 
r e q u i r e  on l y  a smal l  sample.  The method w i l l  a lmost  neces­
s a r i l y  t h e r e f o r e  be i n s t r u m e n t a l .  Three a n a l y t i c a l  i n s t r u ­
ments r e q u i r i n g  c o n s i d e r a t i o n  are the p o la ro g r a p h ,  the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
spec t ropho tomete r  and the a tomic a b s o r p t i o n  sp ec t ro p h o to me te r .
The t h e o ry  and a p p l i c a t i o n s  o f  po la rog raphy  are d iscussed 
by K o l t h o f f  and Lingane [ 1 7 ] .  Whi le i t  would be q u i t e
p o s s i b l e  to  analyse f o r  i r o n ,  n i c k e l  or  chromium i f  they  were
p r esen t  a lone i n  s u l f u r i c  a c i d ,  the presence o f  these th re e  
s i m u l t a n e o u s l y  c rea tes  severe problems o f  i n t e r f e r e n c e .
Se para t i on  techn iques  would have to  be employed in  o rd e r  to 
use the procedure and these g e n e r a l l y  r e q u i r e  a g r e a t  deal  
o f  care and t im e .  The method can be reasonab ly  a c c u r a t e ,  
however l i m i t s  o f  d e t e c t i o n  are a t  best  no l ower  than 
compe te t i ve  methods.  A major  d i sadvantage o f  the pol a ro g r a p h ic  
method i s  t h a t  a s i n g l e  d e t e r m i n a t i o n  may r e q u i r e  1 0  min.  
o f  i n s t r u m e n t  t i m e ,  and thus h a l f  an hour per sample would
be r e q u i r e d  w i t h o u t  even c o n s id e r in g  the t ime spent  d u r i ng
the s e p a ra t i o n  procedure.  As a r e s u l t  o f  these c o n s i d e r a t i o n s ,  
po larog raphy  was d ismissed as a s u i t a b l e  procedure.
S pe c t ro pho to m et ry ,  d i scussed a t  l en g th  by Sn e l l  and 
Sn e l l  [ 1 8 ] ,  possesses many o f  the d isadvantages o f  po la rog raphy  
i n  t h a t  mutual  i n t e r f e r e n c e s  among i r o n ,  n i c k e l  and chromium 
p e r s i s t  w i t h  the p rocedures .  Even i f  t ime consuming s e p a ra t i o n s  
cou ld  be avo id ed ,  a d i f f e r e n t  reagen t  would l i k e l y  be r e q u i r e d  
f o r  each e lement .  These are g e n e r a l l y  ve ry  pH s e n s i t i v e .  As 
i n  po la rog raphy  then ,  co n s i d e r a b le  t ime would have to  be 
spent  be fo re  the i n s t r u m e n t a l  a n a l y s i s .  From t h i s  p o i n t  on,  
however,  sp ec t ro ph o t om et ry  possesses many advantages.  Among 
these are i t s  r e l a t i v e  ease o f  o p e r a t i o n ,  speed o f  d e t e r m i n a t i o n ,
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reasonab le  accuracy and q u i t e  low d e t e c t i o n  l i m i t s .  In 
s p i t e  o f  these however,  s p e c t r o p h o to m e t r y  must be r e j e c t e d  
because o f  the t ime r e q u i r e d  p re p a r i n g  samples p r i o r  to  the 
i n s t r u m e n t a l  a n a ly s i s  i t s e l f .
Atomic a b s o rp t i o n  spe c t r o p h o to me t r y  i s  d i scussed by 
E l w e l l  [ 1 9 ] ,  and t h e o r e t i c a l l y  a t  l e a s t ,  i t  i s  reasonab ly  
f r e e  o f  i n t e r f e r e n c e s .  As a r e s u l t  o f  t h i s ,  most methods 
r e q u i r e  the ab so lu t e  minimum o f  e f f o r t  w i t h  regards to  sample 
p r e p a r a t i o n .  I t  possesses most o f  the advantages o f  normal 
sp e c t ro p h o to me t r y  i n c l u d i n g  speed o f  d e t e r m i n a t i o n ,  reasonable  
accuracy and very  low d e t e c t i o n  l i m i t s .  The method c l e a r l y  
j u s t i f i e d  a more d e t a i l e d  i n v e s t i g a t i o n  w i t h  s p e c i f i c  r e fe r e n c e  
to the s t a i n l e s s  s t e e l - s u l f u r i c  ac id  system.
A comprehensive l i s t i n g  o f  the pu b l i shed  procedures f o r  
a tomic  a b s o r p t i o n  spec t rop ho to met ry  i s  g iven i n  the Atomic 
Ab so rp t i o n  B i b l i o g r a p h y  [ 2 0 ] .  No procedure e x i s t s  f o r  the 
s imu l taneous d e t e r m i n a t i o n  o f  i r o n ,  n i c k e l  and chromium in  
co nc en t ra te d  s u l f u r i c  a c i d .  Some i n f o r m a t i o n  however,  can 
be gained from papers d e a l i n g  w i t h  the d e t e r m i n a t i o n  o f  
n i c k e l  and chromium in  s t a i n l e s s  s t e e l s .  Usua l l y  the s o l v e n t  
i s  h y d r o c h l o r i c  ac id  i n  these s t u d ie s  but  o c c a s i o n a l l y  
s u l f u r i c  ac id  i s  used. In  these s t u d ie s  i r o n  i s  not  o f  
a n a l y t i c a l  i n t e r e s t .  Kinson [2 1 ]  r e p o r t s  t h a t  i r o n  and 
s u l f u r i c  ac id  depresses the a b s o r p t i o n  o f  chromium, but  t h a t  
n i c k e l  has no e f f e c t  unless i t  i s  p resen t  i n  t remendous excess.  
In a l a t e r  paper [ 2 2 ] ,  he r e p o r t s  t h a t  s u l f u r i c  ac id  reduces
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the a b s o r p t i o n  o f  n i c k e l  s i g n i f i c a n t l y  but  t h a t  i r o n  has no 
e f f e c t  even when p resen t  i n  g r e a t  excess.  The s u l f u r i c  ac id  
s o l u t i o n  i n v o l v e d  was 10% ( v / v ) ,  or  a p p ro x im a t e l y  17% H2 S0^ 
by we ig h t .  Tn both i n v e s t i g a t i o n s  Kinson used an a i r - s u p p o r t e d  
a c e t y l e n e ,  l a m in a r  f l o w  bu rne r .
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I I I .  DESIGN OF THE FLOW SYSTEM
A.. D e s c r i p t i o n  o f  the Apparatus
The ex per imen ta l  apparatus c o n s i s t s  e s s e n t i a l l y  o f  a 
vessel  and a c losed c i r c u i t  o f  p i p i n g  through which ac id  
i s  f o rc ed  by means o f  a pump. A l e n g t h  o f  t h i s  c i r c u i t  
c o n s i s t s  o f  a s t a i n l e s s  s t e e l  p ipe which c o n s t i t u t e s  the 
t e s t  s e c t i o n .  The f l o w  r a t e  and temperature  o f  the ac id  
are c o n t r o l l a b l e  and measurable.  Gas s a t u r a t i o n  o f  the 
ac id  i s  a l so  p r o v id e d .  The apparatus i s  s c h e m a t i c a l l y  
shown in  F igure  3-1.
The t e s t  s e c t i o n  c o n s i s t s  o f  a l e n g th  o f  schedule  40,  
Type 316L s t a i n l e s s  s t e e l  p ip e .  Three pipe d iameters  
( 1 / 4 ,  1 / 2 ,  and 3/4 inch nominal  s i z e s )  are adap tab le  to  the 
appara tus .  The le n g t h  o f  the t e s t  s e c t i o n  w i l l  be d i scussed 
in  ano ther  s e c t i o n  where en t rance  l eng ths  are con s id e red .
The remainder  o f  the p ipe c i r c u i t  c o n s i s t s  o f  boro-  
s i l i c a t e  g lass  s e c t i o n s  and f i t t i n g s  s u p p l i e d  by Q.V.F.  Glass 
(Canada) L t d .  These g lass components,  having 5 /8 "  b o re ,  are 
f i t t e d  t o g e t h e r  by a f l anged  assembly w i t h  T e f l o n  sheathed 
gaske t  between s e c t i o n s .  To ensure t h a t  the t e s t  s e c t i o n  i s  
f u l l  o f  ac id  a t  low f l o w  r a te s  the g lass  p i p i n g  l e a v i n g  the 
t e s t  s e c t i o n  r i s e s  be fo re  emptying i n t o  the v e s s e l .  The
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Figure 3-1.  Schemat ic - -  Exper imenta l  Apparatus 
1. t e s t  s e c t i o n ,  2. T e f l o n  j o i n e r s ,  3. g lass p i p i n g ,  4. p o l y p r o p y 1ene pump, 5. g lass 
c o n t r o l  v a l v e ,  6. g lass  ro ta m e t e r  w i t h  T e f l o n  f l o a t ,  7. 5 l i t r e  g lass  v e s s e l ,  8. t hermo­
r e g u l a t o r ,  9. r e l a y ,  10. Vycor h e a t e r ,  11. g lass  s t i r r e r ,  12. gas d i s p e r s i o n  t u b e ,
13. c l e a n ,  d ry  a i r ,  14. d r a i n .
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t e s t  s e c t i o n  i s  j o i n e d  to  the g lass  p i p i n g  by s h o r t  T e f l o n  
p i e c e s ,  machined to  the same i n t e r n a l  d iamete r  as the p ipe .
C i r c u l a t i o n  o f  the ac id  i s  achieved by means o f  a 
s e a l l e s s ,  magnet ic  d r i v e  pump. The pump f e a tu r e s  a p o l y ­
p ropy lene body and i m p e l l e r ,  and a V i ton  0 - r i n g  gaske t .
The f l o w  r a t e  i s  c o n t r o l l e d  by means o f  a g lass  Y - type 
va l ve  f e a t u r i n g  a T e f l o n  be l lowed mechanism and a p lu g .  The 
f l o w  r a t e  i s  measured by a g lass  r o ta m e te r  f i t t e d  w i t h  a 
weighted T e f l o n  f l o a t  and T e f l o n  f l o a t  r e t a i n e r s  a t  each end.
As a r e s u l t  o f  t h i s  cho ice  o f  equipment  the on l y  metal  
c o n t a c t i n g  the c o r r o s i v e  l i q u i d  o t h e r  than the su r fa ce  o f  
the t e s t  s e c t i o n  i s  a t i n y  s t a i n l e s s  s t e e l  screw in  the 
pump. The e f f e c t  o f  t h i s  i s  n e g l i g i b l e  when i t s  area i s  
compared to  t h a t  o f  the t e s t  s e c t i o n .
A 5 l i t r e  g lass  vessel  i s  used f o r  ac id  ho ld -up  to 
p ro v i de  f o r  t empera ture  c o n t r o l  as w e l l  as a e r a t i o n .  The 
d e s i r e d  tempera ture  i s  s e t  on a th e rm o re g u la t o r - t h e r m o m e te r  
which senses the ac id  tempera ture  and ma i n ta ins  i t  a t  the 
s e t - p o i n t  by a c t i v a t i n g  a 500 w a t t  immersion h ea te r  by means 
o f  a r e l a y .  The th e rm o re g u la to r - t h e r m o m e te r  and r e l a y  are 
su p p l i e d  by the Chemical  Rubber Company and are c la imed to 
be capable o f  m a i n t a i n i n g  the temperature  to  w i t h i n  +0.01°C.  
The immersion he a te r  i s  c o n s t r u c t e d  o f  Vycor brand g lass arid 
i s  s u p p l i e d  by F i s h e r  S c i e n t i f i c  Co. The s o l u t i o n  i s  
a g i t a t e d  by a g lass  s t i r r e r  which i s  d r i v e n  by a v a r i a b l e  
speed e l e c t r i c  motor .  A e r a t i o n  o f  the ac id  i s  achieved by
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passing a i r  f rom a compressed a i r  c y l i n d e r  through a gas 
d i s p e r s i o n  tube immersed in  the a c i d .  The a i r  i s  d r i e d  
and p u r i f i e d  by f i r s t  pass ing i t  th rough a gas washing 
b o t t l e  c o n t a i n i n g  c o nc en t ra te d  s u l f u r i c  a c i d .
The vessel  may be d r a ined  through the s to p -c oc k  
l oca ted  near the bot tom.
B. Ent rance Length Requi rements
In des ig n i ng  equipment  to  s tudy the c o r r o s i o n  o f  a 
su r fac e  by an env i ronment  i n  mot ion i t  i s  im p o r t a n t  t h a t  
the s t a t e  o f  the s u r fa c e  w i t h  r e s p e c t  to  t r a n s p o r t  processes 
be d e t e rm in a b le .  In t h i s  re g a r d ,  many i n v e s t i g a t o r s  have 
p rov ided s u i t a b l e  en t rance  l e ng th s  so t h a t  the v e l o c i t y  
p r o f i l e  may become f u l l y  e s t a b l i s h e d ,  or  a t  l e a s t  t h a t  the 
v e l o c i t y  g r a d i e n t  a t  the w a l l  reaches i t s  f i n a l  va lu e .  
However,  the i n f l u e n c e  o f  v e l o c i t y  on c o r r o s i o n  r a te s  i s  
so f r e q u e n t l y  ass oc ia te d  w i t h  d i f f u s i o n a l  o r  mass t r a n s f e r  
p rocesses ,  t h a t  p r o v i s i o n  f o r  a f u l l y  developed hydrodynamic 
boundary l a y e r  a lone i s  i nadequa te .  A mass t r a n s f e r  bound­
ary  l a y e r  must a l so  be e s t a b l i s h e d  in  the en t rance  s e c t i o n ,  
so t h a t  i n  the tes t '  s e c t i o n ,  the processes o f  momentum and 
mass t r a n s f e r  are determined by e x i s t i n g  c o r r e l a t i o n s  and 
are cons tan t  over  the e n t i r e  l e n g t h  o f  the t e s t  s e c t i o n .
The c o n c e n t r a t i o n  p r o f i l e  develops w i t h i n  the v e l o c i t y  
p r o f i l e  once the c o r r o s i o n  process commences, and i f  the 
two boundary l a y e r s  begin to  form a t  the same p o i n t ,  t h e i r  
r e l a t i v e  t h i ck n e ss  may be determined by the Schmidt  number
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and the d i s ta n c e  along the ax i s  o f  f l o w  f rom the l e ad in g  
edge [ 1 1 ] .  When th e re  i s  no chemical  r e a c t i o n ,  the con­
c e n t r a t i o n  and momentum boundary l a y e r s  bear a co n s t a n t  
r a t i o  to  one a n o t h e r ,  dependent  o n l y  on the va lue o f  the 
Schmidt  number. When th e re  i s  a slow chemical  r e a c t i o n ,  
the r e l a t i v e  boundary l a y e r  th i c k n e s s  i s  r e l a t e d  once again 
t o  the Schmidt  number and to a weak f u n c t i o n  o f  the d i s t a n c e  
downstream from the l e a d in g  edge. The s lower  the r e a c t i o n  
proceeds and the s m a l le r  the c o n c e n t r a t i o n  o f  the d i f f u s i n g  
s p e c ie s ,  the weaker t h i s  f u n c t i o n  becomes. In  view o f  these 
arguments,  f o r  the case o f  c o r r o s i o n  processes where the 
c o n c e n t r a t i o n  o f  d i f f u s i n g  spec ies i s  l ow,  i t  i s  s u f f i c i e n t  
to  p rov ide  an en t rance  l e n g t h  o f  the co r ro d in g  m a t e r i a l  o f  
adequate l e n g th  to  ensure t h a t  the momentum boundary l a y e r  
i s  formed a t  the t e s t  s e c t i o n .
Several  express ions  are a v a i l a b l e  f o r  the p r e d i c t i o n  o f  
the ent rance l e n g th  r e q u i r e d  f o r  the development  o f  the f u l l  
o r  l o c a l  v e l o c i t y  p r o f i l e .  Knudsen and Katz [ 2 3 ]  d iscuss  
these.
In l a m i n a r  f l o w  the en t rance  l e n g th  r e q u i r e d  f o r  the 
c e n t e r l i n e  v e l o c i t y  to  reach 99% o f  i t s  f u l l y  developed 
va lue i s  g i ven by
= 0.0575 Re ( 3 - 1 )
d
For t u r b u l e n t  f l o w  the en t rance  c o n f i g u r a t i o n  and the 
t u rb u le n c e  o f  the e n t e r i n g  st ream are f a c t o r s  which determine 
the magni tude o f  the en t rance  l e n g t h  and no genera l  r e l a t i o n ­
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s h i p  i s  a v a i l a b l e  to  p r e d i c t  t h i s .  For t u r b u l e n t  f l o w  
a t  Reynolds numbers g r e a t e r  than 10,000 i t  has been observed 
t h a t  en t rance  l e ng th s  g r e a t e r  than 50 tube d iameters  were 
g e n e r a l l y  necessary f o r  the fo r m a t i o n  o f  a f u l l y  developed 
t u r b u l e n t  v e l o c i t y  p r o f i l e .
However the d i s t a n c e  r e q u i r e d  f o r  the l o c a l  f r i c t i o n  
f a c t o r  to  equal  the f u l l y  developed f r i c t i o n  f a c t o r  i s  
c o n s i d e r a b l y  less  than t h a t  r e q u i r e d  f o r  the development  o f  
the v e l o c i t y  p r o f i l e .  As a r e s u l t ,  the v e l o c i t y  p r o f i l e  
a d ja ce n t  to  the w a l l  becomes e s t a b l i s h e d  in  a very  s h o r t  
di  s t a n c e .
The en t rance  l e n g th  r e q u i r e d  f o r  the f r i c t i o n  f a c t o r
to  become c on s t an t  i n  t u r b u l e n t  f l o w  i s  g i ven by
Le_ 0.623 ( R e ) 1/4 ( 3 - 2 )
d "
As a r e s u l t  o f  these c o n s i d e r a t i o n s  the problem reduces 
to  one o f  p r o v i d i n g  a s u i t a b l e  en t rance  l e n g t h  o f  the 
c o r ro d i n g  specimen as g iven  by equa t ion  ( 3 -1 )  f o r  l a m in a r  
f l o w  s t u d i e s .  Since c o n s i d e r a b l y  s h o r t e r  en t rance  l e ng th s  
are g e n e r a l l y  r e q u i r e d  f o r  t u r b u l e n t  f l o w ,  those p rov ided  
f o r  l a m in a r  f l o w  w i l l  be more than adequate.
However, us ing an en t rance  l e n g t h  o f  the same c o r r o d i n g  
m a t e r i a l  as the t e s t  s e c t i o n  c rea tes  problems in  i n t e r p r e t i n g  
exper imen ta l  da ta .  How does one i s o l a t e  the data r e s u l t i n g  
f rom the c o r r o s i o n  process o f  the u n p r e d i c t a b l e  en t rance  
l e n g t h  f rom t h a t  o f  the c o n t r o l l e d  t e s t  s e c t i o n ?  Cornet  
[ 5 ]  d iscussed t h i s  problem and suggested the use o f  a
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metal  p ipe en t rance  s e c t i o n  f o l l o w e d  by a l e n g t h  o f  r a d i o ­
a c t i v e  p ipe o f  the same m e ta l .  The s t e a d y - s t a t e  c o r r o s i o n  
r a t e  could be determined by measur ing the appearance o f  the 
r a d i o a c t i v e  m e t a l .
However,  no th in g  q u i t e  as e la b o r a t e  i s  being proposed 
i n  t h i s  des ign .  What i s  being proposed i s  t h a t  f o r  each 
exper imen ta l  p o i n t  two n e a r l y  i d e n t i c a l  runs be pe r fo rmed ,  
the on l y  d i f f e r e n c e  being the l e n g th  o f  the p ipe used in  the 
run .  The d i f f e r e n c e  i n  the l en g t hs  o f  the pipes used i n  the 
two o th e rw is e  i d e n t i c a l  runs re p r e se n ts  the t e s t  s e c t i o n .  
Samples would be wi thd rawn  f o r  a n a ly s i s  a t  co r respond ing  
t imes d u r i ng  both runs and the r e s u l t s  o f  the s h o r t e r  l e n g th  
would be s u b t r a c t e d  f rom those o f  the l o n g e r  l e n g t h .  This  
would y i e l d  the c o n t r i b u t i o n  o f  the t e s t  s e c t i o n  alone 
where de te rm in a b le  c o n d i t i o n s  o f  momentum and mass t r a n s f e r  
e x i s t .  The u n d e r l y i n g  t h i n k i n g  o f  t h i s  approach i s  i l l u s ­
t r a t e d  i n  F igure  3-2.
The apparatus i s  such t h a t  i t  w i l l  accommodate a t o t a l  
p ipe l en g th  o f  63 inches i n  the case o f  the nominal  1/4 
inch s i z e  and 57 inches i n  the case o f  the two l a r g e r  
d ia m ete rs .  The le ng th s  o f  the en t rance  s e c t i o n  and t e s t  
s e c t i o n  are bes t  determined by exper imenta l  p rocedure .  The 
en t rance  l e n g t h  may be c a l c u l a t e d  by the exp ress ions  g i ven  
above f o r  a g i ven f l o w  r a t e  and t h i s  w i l l  a l so  determine  the 
l e n g th  o f  the t e s t  s e c t i o n .  However,  the s h o r t e r  the t e s t  
s e c t i o n  becomes the more p r e c i s e  the  a n a ly s i s  must be,  and
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F igure  3-2.  I l l u s t r a t i o n  o f  Exper imenta l  Approach
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as a r e s u l t  the l en g th  o f  the t e s t  s e c t i o n  w i l l  be d e t e r ­
mined in  p a r t  by the p r e c i s i o n  o f  the a n a l y t i c a l  p rocedure .  
Once t h i s  has been e s t a b l i s h e d  the ent rance l e n g t h  i s  a l so
f i x e d  and a r e s t r i c t i o n  has been imposed on the f l o w - r a t e s
which may be s t u d ie d  by t h i s  comb ina t i on  o f  p ip e s .
C. Ranges o f  Flow Which May Be Stud ied
Apar t  f rom the r e s t r i c t i o n s  imposed on the f l o w  r a te s  
by the en t rance  l e n g t h  r e q u i r e m e n t s ,  the f l o w  ra te s  which 
may be s t u d ie d  are l i m i t e d  to  those which may be a c c u r a t e l y  
measured by the ro ta m e te r .  Moreover ,  h igh f l o w  r a te s  are 
l i m i t e d  by the c a p a c i t y  o f  the pump.
The r o ta m e te r  was c a l i b r a t e d  w i t h  i n d u s t r i a l  grade 
66° Be" s u l f u r i c  ac id  a t  30 ,40,50 and 60° C. This  was 
achieved by use o f  a 20 l i t r e  g lass  vessel  equipped w i t h  
a tempera ture  c o n t r o l  dev i ce  s i m i l a r  t o  t h a t  desc r ibed  p r e ­
v i o u s l y  f o r  the 5 l i t r e  v e s s e l .  Acid was pumped out  o f  the 
5 l i t r e  vessel  t hrough the r o ta m e te r  i n t o  a 5 g a l l o n  p o l y ­
p ropy lene carboy seated on a weigh s c a le .  A co n s ta n t  l e v e l  
was ma in ta ined  i n  the 5 g a l l o n  vessel  by r e g u l a t i n g  the 
f l o w  o f  ac id  f rom the l a r g e r  vessel  s i t u a t e d  overhead.  
Several  runs were per formed f o r  each c a l i b r a t i o n  p o i n t  and 
the r e s u l t s  can be found in  Appendix I .
From the c a l i b r a t i o n  data use fu l  ranges are determined 
a t  each tempera ture  over  which the r o ta m e te r  c a l i b r a t i o n  
curve a c c u r a t e l y  g i ve s  the f l o w  r a t e .  The minimum f l o w  
r a t e  which can be a c c u r a t e l y  metered and a f l o w  r a t e  s l i g h t ­
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l y  below the pumping c a p a c i t y  determine the u se fu l  range 
o f  f l o w  r a t e s .  The v e l o c i t i e s  and Reynolds numbers 
co r respond ing  to  these minimum and maximum f l o w  ra te s  
are determined by the conve rs ion  t a b le s  g iven i n  Appendix 
I I .  F i n a l l y  Appendix I I I  l i s t s  the ranges o f  f l o w  and the 
co r respond ing v e l o c i t i e s  and Reynolds numbers a t  the v a r i o us  
temperatures  f o r  the th re e  d iameters  t h a t  r e s u l t  f rom 
these c o n s i d e r a t i o n s .
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IV.  DEVELOPMENT OF ANALYTICAL PROCEDURE
A. Inst rumental : - !on
A J a r r e l l - A s h  Model 82-526 Maximum V e r s a t i l i t y  Atomic 
Ab so rp t i o n  Spec t ropho tomete r  was used as an a n a l y t i c a l  t o o l  
i n  t h i s  s tud y .  Thi s i n s t r u m e n t  f e a tu r e s  a 500 mm fo c a l  
l e n g t h  Eber t  Mount Monochrometer w i t h  two in te rc h a n g e a b le  
g r a t i n g s  w i t h  1180 grooves/mm. The U.V. t r a n s m i t t i n g  o p t i c a l  
system a l l ow s  f o r  t h ree  or  f i v e  m u l t i p a s s  or  s i n g l e  pass 
o p e r a t i o n .  The in s t r u m e n t  can s im u l t a n e o u s l y  accommodate 
two f u e l s  and two o x i d a n t s .  A cho ice  o f  t h ree  burners i s  
a v a i l a b l e ;  a t o t a l  consumpt ion b u r n e r ,  and a 5 cm and a 10 cm 
s l o t  l a m in a r  f l o w  bu rn e r .  The modular  design o f  t h i s  i n s t r u ­
ment g i ves  i t  added v e r s a t i l i t y .
Near the co n c lu s io n  Of t h i s  a n a l y t i c a l  work a r e c o r d e r  
was obta ined as a r e a d - o u t  accesso ry .  Prev ious to  t h i s  a 
meter  was used f o r  r e a d - o u t .
B. P r e p a r a t i o n  o f  Standard Samples
A l l  reagents used in  t h i s  s tudy  were s u p p l i e d  by F i s h e r  
S c i e n t i f i c  Co. L td .
Stock CP s u l f u r i c  a c i d ,  95-98% by w e i g h t ,  was d i l u t e d  to  
93.2% w i t h  d i s t i l l e d  water  a f t e r  i t s  c o n c e n t r a t i o n  was
31
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determined by t i t r a t i o n .
" F i s h e r  C e r t i f i e d  Atomic Ab s o rp t i o n  Reference"  s o l u t i o n s  
were used as a s tandard  source f o r  the meta ls  o f  i n t e r e s t .  
These s o l u t i o n s  (10,000 ppm i r o n  and n i c k e l  and 1000 ppm 
chromium) were d i l u t e d  w i t h  d i s t i l l e d  water  to  more use fu l  
c o n c e n t r a t i o n s  as r e q u i r e d .
A l l  metal  compos i t i ons  r e p o r t e d  i n  t h i s  s tudy  are i n  
^ g m / m l . In the s p e c ia l  case where the s p e c i f i c  g r a v i t y  o f  the 
s o l v e n t  i s  u n i t y ,  t h i s  u n i t  o f  c o n c e n t r a t i o n  i s  i d e n t i c a l  
t o  the commonly encountered u n i t ,  ppm. I t  i s  hoped t h a t  
t h i s  cho ice o f  c o n c e n t r a t i o n  u n i t  w i l l  avo id some o f  the 
am b i gu i t y  which has r e s u l t e d  f rom the misuse o f  the u n i t  ppm.
Since the s o l u t i o n  to  be analysed i s  93.2% s u l f u r i c  
ac id  and sample d i l u t i o n  i s  necessary ,  i t  i s  i m p o r t a n t  to 
d i s t i n g u i s h  between the c o n c e n t r a t i o n  o f  metal  i n  the 
o r i g i n a l  ac id  and t h a t  i n  the d i l u t e d  s o l u t i o n  which i s  
u l t i m a t e l y  ana lysed.  N a t u r a l l y  the two are r e l a t e d  by the 
d i l u t i o n  f a c t o r ,  but  s ince  i t  i s  the metal  con ten t  o f  the 
93.2% s u l f u r i c  ac id  which i s  o f  a n a l y t i c a l  i n t e r e s t ,  i t  was 
decided t h a t  s tandard  s o l u t i o n s  and c a l i b r a t i o n  graphs be 
expressed in  t h i s  c o n c e n t r a t i o n  as opposed to  the t r u e  
c o n c e n t r a t i o n  o f  the d i l u t e d  s o l u t i o n  as i t  i s  ana lysed.
F igure  4-1 i l l u s t r a t e s  the nomenclature which was adopted to 
a f f e c t  the d i s t i n c t i o n  ment ioned above.
A balance on the m e t a l l i c  component i n  the v a r i o us  
volumes to  be cons ide red g i v e s :
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^  gm M = gm M = gnj M
i n  v ,  ml ac td__ d in  v f  ml r e f . i n  Vj  d t 1uted s o l 1n
(M)a X  va = Cm) r  x v r = CM)* x VT (4 -1 )
where (M) i
C M ) ,
c o n c e n t r a t i o n  o f  metal  M in  93.19% HgSO^;
(M) *  = 
v ,  =
c o n c e n t r a t i o n  o f  metal  M in  re fe r e n ce  s o l u t i o n  
used to  prepare s t a nd ard s ;
c o n c e n t r a t i o n  o f  metal  M in  d i l u t e d  s o l u t i o n ;  
volume o f  93.19% used to prepare s tandard
or  sample s o l u t i o n ;  
vr  = volume o f  re fe r e n ce  s o l u t i o n  used to prepare
s tandard  s o l u t i o n ;
Vj  = f i n a l  volume to  which s tandards  and samples
are d i l u t e d .
Whi le the t r u e  compos i t i on  o f  a sample or  s tandard  p r i o r  
t o  a n a l y s i s  i s  g iven by (M) * ,  f o r  purposes o f  convenience i t  
w i l l  be i d e n t i f i e d  by (M)a . Equat ion (4 -1 )  was used to 
prepare s tandard  s o l u t i o n s .
C. I n t e r f e r e n c e
In atomic  a b s o rp t i o n  spec t rop ho tome t ry  the chemical  
m a t r i x  i n  which the metal  o f  i n t e r e s t  i s  p resent  may i n t e r ­
f e r e  i n  the d e t e r m i n a t i o n  o f  t h a t  metal  f o r  a v a r i e t y  o f  
reasons.  The i n t e r f e r e n c e  may be s p e c t r a l ,  ch e m ic a l ,  or  
ph y s i ca l  i n  n a t u r e ,  and i n  many cases can be e l i m i n a t e d  
or  s h a r p l y  reduced by a p roper  cho ice o f  o p e ra t i n g  c o n d i t i o n s .
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V . . ml d i s t i l l e d  water
v r  ml re fe r e n ce  s o l ' n  @ (M)
STANDARD SOLUTION
A
Both have volume Vj  ml 
and t r u e  mgtal  compo­
s i t i o n  ( M)
SAMPLE SOLUTION J
ml d i s t i l l e d  water
va ml sample o f  conc 'n  (M) 
* 93.2% ac id
F igure  4 -1 .  P r e p a r a t i o n  o f  Standard and Sample S o l u t i o n s
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In the p resen t  work two types o f  i n t e r f e r e n c e  were 
encoun te red,  and these are d i scussed below.
1. Depressing E f f e c t  o f  S u l f u r i c  Acid
The presence o f  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  
s u l f u r i c  ac id  caused s i g n i f i c a n t  r e d u c t i o n s  i n  the absorp­
t i o n  o f  i r o n .  The response o f  a s e r i e s  o f  s o l u t i o n s  o f  
equal  i r o n  co n te n t  but  v a r y in g  ac id  c o n c e n t r a t i o n  i s  g iven 
i n  F igure  4 -2 .  The depress ing e f f e c t  o f  s u l f u r i c  ac id  can 
be a p p re c ia te d  by n o t i n g  t h a t  the absorbance decreases 
from 72% to  17% a b s o r p t i o n  as the s o l u t i o n  goes from wa te r  
t o  73% a c id .
I t  would be er roneous to  account  f o r  t h i s  marked 
depress ion s o l e l y  on the bas is  o f  s p e c t r a l  or  chemical  
i n t e r f e r e n c e .  Most o f  the i n t e r f e r e n c e  can be accounted f o r  
on the bas i s  o f  the i n c r e a s i n g  v i s c o s i t y  o f  the s o l v e n t  as 
the c o n c e n t r a t i o n  o f  the ac id  i n c r e as e s .  A s p i r a t i o n  r a te s  
were determined f o r  the Hetco ( t o t a l  consumpt ion)  burne r  
f o r  t h ree  s o l u t i o n s  o f  s u l f u r i c  ac id  by measur ing the we ig h t  
l oss o f  a smal l  beaker  o f  the s o l u t i o n  over  a t imed a s p i r a ­
t i o n .  These were c o r r e l a t e d  w i t h  a v a i l a b l e  data f o r  the 
v i s c o s i t y  o f  these s o l u t i o n s  at  70°F.  The r e s u l t s  are i l ­
l u s t r a t e d  i n  F igure  4-3.
The l i n e a r  r e l a t i o n s h i p  between a s p i r a t i o n  r a t e  and 
the r e c i p r o c a l  o f  v i s c o s i t y  demonst rates t h a t  the f l o w  o f  
sample i n t o  the f lame i s  governed by the Ha ge n-P o is eu i11e law.
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This i s  to  be expected because o f  the reasonab ly  h igh  
v i s c o s i t i e s  i n v o l v e d  and the smal l  i n t e r n a l  d iamete r  o f  the 
c a p i l l a r y .
The a s p i r a t i o n  ra te s  shown in  F igu re  4-3 were 
determined under the same in s t r u m e n t a l  c o n d i t i o n s  shown in 
F igu re  4 -2 .  As a r e s u l t  i t  was p o s s i b l e  to e s t im a t e  the 
response expected from r e d u c t i o n  o f  the metal  p o p u l a t i o n  
i n  the f lame due to  changes i n  a s p i r a t i o n  ra te s  as the s o l v e n t  
c o n c e n t r a t i o n  i n c r e a s e s .  This  es t ima ted  response i s  
i l l u s t r a t e d  by a broken l i n e  i n  F igu re  4 -2 .
Whi le  most o f  the dep ress ion  can be e xp la in e d  on 
the bas is  o f  a s p i r a t i o n  r a te s  the re  i s  s t i l l  some depress ion  
o f  the a b s o rp t i o n  which must be exp la in e d  by chemical  or  
s p e c t r a l  arguments.  For a s o l u t i o n  o f  m e t a l l i c  co mpos i t i on  
(M)g = 100, t h e re  are a p p ro x im a te l y  1000 t imes as many 
s u l f a t e  anions i n  an e lementa l  volume o f  the f lame as th e re  
are atoms o f  metal  M. For s o l u t i o n s  o f  s m a l l e r  m e t a l l i c  
c o m p o s i t i o n s ,  the r a t i o  becomes c o r r e s p o n d in g l y  l a r g e r .
Wi th t h i s  overwhelming background o f  s u l f a t e  ions i t  i s  very  
l i k e l y  t h a t  t h e re  i s  some chemical  or  s p e c t r a l  i n t e r f e r e n c e .
2. C a t i o n i c  I n t e r f e r e n c e s  Among I r o n ,  N icke l  and Chromium
Table 4-1 i l l u s t r a t e s  the mutual  c a t i o n i c  i n t e r f e r ­
ences among i r o n ,  n i c k e l  and chromium. These s o l u t i o n s  
cor respond to  a 10ml sample o f  93.2% ac id  being d i l u t e d  to  25 
ml w i t h  d i s t i l l e d  wa t e r .  The Hetco burne r  was used w i t h  an 
a i r - h y d r o g e n  f l ame.  Tn each case the i n s t r u m e n t a l  c o n d i t i o n s
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were those which would produce the best  s e n s t t i y t t y  when the 
e lement  o f  i n t e r e s t  was determined a lone i n  the a c id .
From Table 4-1 i t  can be seen t h a t  n i c k e l  depresses 
and chromium enhances the a b s o r p t i o n  o f  i r o n .  When both are 
p r e s e n t ,  the a b s o rp t i o n  o f  the i r o n  i s  g r e a t e r  than when the 
i r o n  i s  a lone.
Tron has no e f f e c t  on the a b s o rp t i o n  o f  n i c k e l  but  
chromium enhances the a b s o r p t i o n .  Toge th e r ,  t f ie a b s o r p t i o n  
i s  s l i g h t l y  g r e a t e r  than when n i c k e l  i s  a lone.
Both i r o n  and n i c k e l  enhance the a b s o r p t i o n  o f
chromium.
Another  s e t  o f  exper iments  were conducted to 
de termine whether  the l a m in a r  burne r  would be more s u i t a b l e  
than the Hetco bu rne r .  Samples were prepared and t h e i r  
a b s o rp t i o n s  measured a t  t h e i r  r e s p e c t i v e  wavelengths f o r  
each bu rne r .  An a i r - h y d r o g e n  f lame was used. In  t h i s  case 
the s o l v e n t  was d i s t i l l e d  w a te r .  The r e s u l t s  are summarized 
i n  Table 4 -2 .
Several  i n t e r e s t i n g  o b se rv a t i o n s  are noted from 
t h i s  da ta .  The f i r s t  i s  t h a t  even when the r e s u l t s  a r i s i n g  
f rom the Hetco bu rne r  a lone are c o n s id e re d ,  the i n t e r f e r e n c e  
e x h i b i t e d  i n  t h i s  case d i f f e r s  d i s t i n c t l y  f rom t h a t  i l l u s t r a t e d  
i n  Table 4 -1 .  This  i l l u s t r a t e s  the impor tance o f  the s o l v e n t  
i n  the i n t e r f e r e n c e  being exper ienced .  The data a l so  show 
the impor tance o f  the b u r n e r ,  not  on l y  i n  de te rm in in g  the 
magni tude o f  the r e s u l t i n g  i n t e r f e r e n c e  but  a l so  i t s  d i r e c t i o n ;
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TABLE 4-1
C a t i o n i c  I n t e r f e r e n c e  i n  the De te rm in a t i o n  o f  
I r o n ,  N i c k e l ,  and Chromium in  Acid
Sample Composi t ion % Ab so rp t i o n
( N i )
a
( C r } a Fe Ni Cr
100 0 0 36
100 30 0 35
100 0 30 39
100 30 30 39
500 0 0 81
500 150 0 79.5
500 0 150 84
500 150 150 83. 5
0 50 0 24.5
350 50 0 24.5
0 50 100 28
350 50 100 26.5
0 350 0 73.5
2500 350 0 73.5
0 350 700 77
2500 350 700 75.5
0 0 100 1 5
500 0 100 18
0 100 100 16
500 100 100 17.5
0 0 1000 72
5000 0 1000 79
0 1000 1000 79
5000 1000 1000 78
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TABLE 4 - 2
C a t i o n i c  I n t e r f e r e n c e  i n  the D e te rm i n a t i o n  o f  
T r o n ,  N i c k e l ,  and Chromium in  Water
S o l u t i  on 
Composi t i  on
( Fe ) *  ( N i ) *  ( C r ) *
%
A b so rp t i  on
Hetco 
Fe Ni Cr
Lami nar 
Fe Ni Cr
10 47.5 55
10 2 52 53
10 3 51 50
10 2 3 46 54
10 57 50
70 10 52 51
1 0 20 . 49 51
70 10 20 50 51
10 26 60
50 10 19.5 61
10 10 25 66
50 10 10 21 63
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t h a t  i s ,  whether  depress ion  or  enhancement r e s u l t s .
On the bas is  o f  the above data no co n c lu s io n  cou ld  
be reached r e ga rd in g  the s u p e r i o r i t y  o f  the l a m in a r  f l o w  
bu rne r  over  the Hetco burne r  w i t h  r e s p e c t  to  c a t i o n i c  i n t e r ­
fe re n c e .  However,  the l a m in a r  f l o w  burne r  d id  produce 
b e t t e r  s e n s i t i v i t y ,  most n o t a b l y  i n  the case o f  chromium, 
and more work w i t h  t h i s  bu rne r  was j u s t i f i e d .
The la m in a r  f l o w  bu rne r  was used in  a s e r ie s  o f  
d e t e r m i n a t i o n s ,  the o b j e c t i v e  o f  wh ich ,  was to  a s c e r t a i n  the 
e x t e n t  o f  i n t e r f e r e n c e  caused by va r y in g  the c o n c e n t r a t i o n  
o f  one o f  the i n t e r f e r i n g  elements when both are p r esen t  i n  
s o l u t i o n  w i t h  the element  o f  a n a l y t i c a l  i n t e r e s t .  The 
s o l u t i o n s  represen ted  5 ml samples o f  93.2% ac id  d i l u t e d  to  
25 ml f i n a l  volume. In a l l  s o l u t i o n s ,  a l l  t h re e  me ta ls  were 
p r esen t  i n  c o n c e n t r a t i o n s  which would no rm a l l y  be expec ted;  
t h a t  i s ,  p r o p o r t i o n a l  t o  the compos i t i on  o f  type 316L s t a i n ­
less  s t e e l .
From AISI  s p e c i f i c a t i o n s ,  the compos i t i on  o f  type 
316L s t a i n l e s s  s t e e l  i s  as f o l l o w s :
F e .....................................  62-69%
N i ..................................... 10-14%
C r ..................................... 16-18%
When i r o n  i s  the e lement  o f  a n a l y t i c a l  i n t e r e s t
t h e n ,
Min (C r /Fe )  = 0.232 Max (Cr /Fe)  = 0.290
Min ( N i / F e )  = 0.145 Max ( N i / F e )  = 0.226
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S i m i l a r l y  f o r  n i c k e l ,
Min ( F e / N i )  = 4.42 Max ( F e /N i )  = 6,90.
Min ( C r / N i )  = 1.14 Max ( C r / N i )  = 1.80
and f o r  chromium,
Min (Fe / Cr )  = 3.44 Max (Fe /Cr )  = 4.31
Min ( N i / C r )  = 0.55 Max ( N i / C r )  = 0.87
Table 4-3 i l l u s t r a t e s  the s o l u t i o n s  which were 
prepared and the r e s u l t s  which were obta ined f o r  the (M)a = 
100 l e v e l .  The data f o r  a s i m i l a r  s e r i e s  o f  s o l u t i o n s  a t  the 
(M)a = 10 l e v e l  are shown in  Table 4-4 .
These r e s u l t s  demonst rate t h a t  t he re  i s  no s i g n i f i ­
cant  i n t e r f e r e n c e  among i r o n ,  n i c k e l  and chromium when the 
c o n c e n t r a t i o n  o f  one or  both o f  the i n t e r f e r i n g  elements i s  
v a r ie d  w i t h i n  the ranges i n  which they are l i k e l y  to  be 
found.
D. S e n s i t i v i t y  Improvement
There are two d e f i n i t i o n s  o f  s e n s i t i v i t y  which are 
f r e q u e n t l y  encountered i n  the l i t e r a t u r e  and u n f o r t u n a t e l y  
these c o n f l i c t  w i t h  one ano the r .  Wi th s p e c i f i c  r e fe r e n c e  
to  atomic a b s o r p t i o n ,  s e n s i t i v i t y  i s  f r e q u e n t l y  d e f i n e d  as 
t h a t  c o n c e n t r a t i o n  which produces a response o f  1% Ab s o r p t i o n  
[ 2 4 , 2 5 ] .  The s m a l l e r  t h i s  c o n c e n t r a t i o n  becomes the more 
s e n s i t i v e  i s  the procedure and thus l owe r i ng  the s e n s i t i v i t y  
i s  d e s i r e a b l e .  However,  s e n s i t i v i t y  has a l so  been d e f i ne d  
as the r a t i o  between response ob ta ined  from an i n s t r u m e n t  
- absorbance -  and an a n a l y t i c a l  s t i m u l u s  -  c o n c e n t r a t i o n
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TABLE 4 - 3
Cat ioni te I n t e r f e r e n c e  i n  the De te rm in a t i o n  o f  
T r o n ,  N i c k e l ,  and Chromium in  Acid 
CM)a = TOO Level
S o l u t i o n  Composi t ion % Absor p t i o n
( F e ) a ( N i ) a ( C D a Fe Ni Cr
100 14 23 60 17 24
100 14 29 60 17 28. 5
100 23 23 60 22.5 24
100 23 29 60 22.5 28. 5
440 100 114 93 55 66
440 100 180 93 55 78
690 100 114 95 55 66
690 100 180 95 55 77. 5
340 55 100 91.5 41 62
340 88 100 91 .5 53 62
430 55 100 92.5 40 62
430 88 100 92.5 52.5 62
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TABLE 4 - 4
C a t i o n i c  I n t e r f e r e n c e  i n  the De te rm in a t i o n  o f  
Tron,  N icke l  , and Chromium i n  Acid 
(M)a = 10 Level
S o l u t i o n  Composi t ion % Ab so rp t i o n
( F e ) a ( N i } a ( c r ) . Fe Ni Cr
10 1 .4 2.3 1 5 6 1.5
10 1.4 2.9 16 6 2
10 2.3 2.3 15 7 1.5
10 2.3 2.9 15.5 7 2
44 10 11.4 47.5 15 10
44 10 18 48.5 15 14
69 10 11.4 62 15.5 9.5
69 10 18 63 15.5 14
34 5.5 10 40 11 8
34 8 .8 10 40 14 8
43 5.5 10 47 11 8
43 8 .8 10 47.5 14 8
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o f  the a n a ly t e  i n  s o l u t i o n  [ 2 6 ] .  Th is  i s  the normal concept  o f  
s e n s i t i v i t y  where i n c r e a s i n g  the s e n s i t i v i t y  r e s u l t s  i n  im­
provement and i s  d e s i r e a b l e .  In t h i s  work the fo rmer  d e f i n i ­
t i o n  a p p l i e s  and the u n i t s  o f  s e n s i t i v i t y  are those used f o r  
the c o n c e n t r a t i o n ,  n a m e l y ^ g m / m l .
Dur ing the course o f  the development  o f  the a n a l y t i c a l  
procedure a s i g n i f i c a n t  improvement i n  the s e n s i t i v i t i e s  o f  
the analyses was a f f e c t e d .  Most n o t a b l y ,  t h i s  was caused by 
changes i n  the f lames and burners  used du r ing  the ana lyses .  
Changing f rom an a ce ty le ne /ox yg en  f lame to  a h y d r o g e n / a i r  
f lame r e s u l t e d  i n  a co n s id e r a b le  l ow e r i n g  o f  the s e n s i t i v i t y  
as d id  the change from the t o t a l  consumpt ion Hetco burne r  to 
the l a m in a r  f l o w  bu rne r .  An e r r o r  was de tec ted  i n  the wave­
le n g th  cou n t e r  o f  the i n s t r u m e n t  which i n d i c a t e d  wavelengths 
a p p ro x im a te l y  8 .5  A° too low.  This  led to  some con fu s io n  
i n  d e te rm in in g  the p roper  a b s o r p t i o n  l i n e  and improved 
s e n s i t i v i t y  was ob ta ined  when the p roper  l i n e  was used.
Th is  p r o g r e s s i v e  improvement i n  the s e n s i t i v i t y  i s  
i l l u s t r a t e d  f o r  the a n a ly s i s  o f  i r o n  i n  F igure 4 -4 .  The 
wavelengths i n d i c a t e d  i n  the f i g u r e  are those which were read 
from the wavelength coun te r  f o r  the r e s p e c t i v e  ana lyses .  The 
a b s o r p t i o n  l i n e  f o r  i r o n  cor responds to  a wavelength o f  2483 A°.
S i m i l a r  improvements i n  the analyses f o r  n i c k e l  and 
chromium in  s u l f u r i c  ac id  were a lso  observed.
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Figure  4-4 .  S e n s i t i v i t y  Improvement
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E.. A n a l y t i c a l  Procedure
1. Standard S o lu t i o n s
A r b i t r a r i l y  choosing i r o n  as the key e lemen t ,  
s o l u t i o n s  were prepared w i t h  Cr/Fe and Ni /Fe c o m p o s i t i o n a l  
r a t i o s  which approx imate the average between the extreme 
minimum and maximum values d iscussed e a r l i e r .  These va lues  
were Ave(Cr /Fe)  = 0.260 and Ave(N i /Fe )  = 0 .185.  Twelve 
s o l u t i o n s  were prepared w i t h  ( Fe) a va lues o f  2 . 5 ,  5,  10,
25, 50,  75,  100, 125, 150, 200, 300, and 400. These s tandard  
s o l u t i o n s  con ta ined 20 ml o f  93.19% s u l f u r i c  ac id  and were 
d i l u t e d  to  a f i n a l  volume o f  100 ml .  The s o l u t i o n s  were 
s t o re d  i n  p o l y e t h y l e n e  b o t t l e s .
These s tandard  s o l u t i o n s  cor respond to  a 5 ml 
sample o f  93.19% s u l f u r i c  ac id  d i l u t e d  to  a f i n a l  volume o f  
25 ml a t  room tempera tu re .
I t  i s  proposed t h a t  a new c a l i b r a t i o n  curve be 
drawn each t ime a s e r i e s  o f  samples i s  to  be de termined.  Th i s
i s  because i t  i s  very  d i f f i c u l t  to d u p l i c a t e  e x a c t l y  the
burne r  e f f i c i e n c y  r e p e a t e d l y .  Poor bu rne r  e f f i c i e n c y ,  p a r ­
t i c u l a r l y  w i t h  regard to  sample a t o m i z a t i o n ,  m a n i fe s ts  i t s e l f  
as poor s e n s i t i v i t y .  The r e s u l t s  shown in  Tables 4-3 and 
4-4 were taken on two d i f f e r e n t  days under i d e n t i c a l  i n s t r u ­
mental  s e t t i n g s  and y e t  c lose examinat ion  o f  the r e s u l t s
show t h a t  a n o t i c e a b l e  change in  s e n s i t i v i t y  was e x h i b i t e d .
For example,  i n  Table 4-4 an ( F e ) a = 69 s o l u t i o n  
g i ves  a response o f  62% a b s o r p t i o n ,  y e t  the r e s u l t s  o f  Table 
4-3 show the response o f  an ( Fe) a = 100 s o l u t i o n  to  be o n l y
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60% a b s o r p t i o n .  Such v a r i a t i o n s  i n  burne r  e f f i c i e n c y  can be 
avoided by keeping the bu rne r  p r o p e r l y  c leaned .  Howeyer,  
a n a l y s i s  i s  so r a p i d  t h a t  p r e p a r a t i o n  o f  a new c a l i b r a t i o n  
graph each day i s  an easy method o f  ensu r ing  ac cu ra te  r e s u l t s .
2. I n s t r u m e n ta l  S e t t i n g s
Table 4-5 l i s t s  the v a r io us  i n s t r u m e n t a l  s e t t i n g s  
which were used in  the f i n a l  a n a l y t i c a l  procedure which was 
developed f o r  each o f  the th ree  e lements .
3. Ty p i c a l  C a l i b r a t i o n  Resul t s
Using the i n s t r u m e n t a l  s e t t i n g s  shown in  Table 
4 - 5 ,  responses were obta ined f o r  the twe lve s tandard s o l u ­
t i o n s .  A r e c o r d e r  was used as a r e a d - o u t  accessory .
The r e s u l t s  are shown in  F igures 4-5 and 4-6 
where two methods o f  c o n s t r u c t i n g  c a l i b r a t i o n  curves are 
i l l  u s t r a t e d .
In F igure  4 -5 ,  % a b s o r p t i o n  i s  p l o t t e d  a g a in s t  
c o n c e n t r a t i o n  on a l o g - l o g  s c a le .  These curves demonst rate 
t h a t  the s e n s i t i v i t y ,  as p r e v i o u s l y  d e f i n e d ,  i s  less  than 
lyAgm/ml f o r  the th ree  cases being cons ide red .
Absorbance i s  p l o t t e d  a g a i n s t  c o n c e n t r a t i o n  on 
l i n e a r  sca les i n  F igu re  4 -6 .  Smooth curves r e s u l t  w i t h  a 
s l i g h t  bending towards the c o n c e n t r a t i o n  a x i s .  This  i s  the 
p r e f e r r a b l e  method o f  p l o t t i n g  c a l i b r a t i o n  data s ince  i t  
a l l ows  f o r  easy i n t e r p o l a t i o n  between p o i n t s .
4. Useful  Ranges and Accuracy o f  De te rm ina t i ons
Since the method i s  a t y p i c a l l y  a b s o r p t i m e t r i c  one,
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TABLE 4-5 
I n s t r u m e n t a l  S e t t i n g s
Element I ro n N icke l Chromi urn
0
Wave Length (A) 2474.4 2311 3569.2
Burner Lami nar Lami nar Lami nar
Hol low Cathode Cu r ren t (mA) 12 1 2 10
High Vo l tage (KV) 0. 5 0.5
LD•
o
Damping Min Min Min
H2 Tank ( p s i ) 20 20 20
A i r  Tank ( p s i ) 30 30 30
H2 Flow ( CFH) 35 35 35
A i r  Flow (CFH) 20 22.5 17.5
Burner  He igh t (mm) 9 9 13
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Figure  4-5 .  T y p ic a l  C a l i b r a t i o n  Resul t s  -  % A b so r p t i o n
vs C o n ce n t ra t i on
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excess i ve  e r r o r s  are Inv o l v e d  i n  d e t e r m in a t i o n s  taken a t  
ve ry  h igh and ve ry  low va lues  o f  per  cent  a b s o r p t i o n .  E r r o rs  
n o rm a l l y  found f o r  c o n c e n t r a t i o n s  g i v i n g  percentages o f  
a b s o rp t i o n  between 30 and 80% are g e n e r a l l y  a c ce p ta b l e .  Th i s  
range o f  a b s o rp t i o n  percentages cor responds to  the s te e p e s t  
r e g i on  o f  the Ringbom p l o t  [ 2 7 ]  and the use fu l  c o n c e n t r a t i o n  
range f o r  accu ra te  a n a l y t i c a l  d e t e r m in a t i o n s  can be found 
by p l o t t i n g  c a l i b r a t i o n  data i n  t h i s  form (% a b s o r p t i o n  vs.  
l o g a r i t h m  o f  the c o n c e n t r a t i o n ) .  Moreover ,  the s lope o f  
t h i s  s t e e p ,  l i n e a r  r eg i on  o f  the Ringbom p l o t  i s  r e l a t e d  
to the r e l a t i v e  a n a l y s i s  e r r o r  by the exp ress ion  [2 8 ]
% r e l a t i v e  a n a l y s i s  e r r o r   = 230 (4 -2 )
1 % ab so lu te  p h o to m e t r i c  e r r o r  s lope
The Ringbom p l o t s  f o r  the d e t e r m i n a t i o n  o f  i r o n ,  
n i c k e l ,  and chromium are g i ven r e s p e c t i v e l y  i n  F igures 
4 - 7 ,  4 - 8 ,  and 4 -9 .  For the case o f  i r o n ,  the c o n c e n t r a t i o n  
range covered by the twe lve  s tandard  s o l u t i o n s  was s u f f i c i e n t ­
l y  wide t h a t  the f a m i l i a r  S-shaped curve r e s u l t e d ,  and the 
l i n e a r  p o r t i o n  o f  the curve was c l e a r l y  d e f i n e d .  In the cases 
o f  n i c k e l  and chromium however,  t h i s  was not  t r u e ,  and on ly  
the lower  l i m i t  o f  the l i n e a r  p o t i o n  was d e f i n e d .  For 
purposes o f  d e f i n i n g  the us e fu l  c o n c e n t r a t i o n  range,  the upper 
l i m i t  f o r  n i c k e l  and chromium was taken as t h a t  c o n c e n t r a t i o n  
which would produce an e x t r a p o l a t e d  a b s o rp t i o n  o f  75%.
No a t tempt  was made to  per form a d e t a i l e d  s t a t i s t i ­
cal  d e t e r m in a t i o n  o f  the e r r o r s  asso c ia ted  w i t h  these proposed
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a n a l y t i c a l  p rocedures .  However,  the r e c o r d e r  o u t p u t  a l lowed 
d e t e r m i n a t i o n  o f  the e r r o r  ass oc ia te d  w i t h  i n s t r u m e n t a l  
no i se .  The s t e a d y - s t a t e  s ig n a l  f l u c t u a t e d  w i t h i n  a band 
a p p ro x i m a te l y  0 .5  sca le  d i v i s i o n s  i n  w i d t h .  Tf  t h i s  i s  
taken as the abso lu te  ph o to m e t r i c  e r r o r ,  then the r e l a t i v e  
a n a ly s i s  e r r o r  can be determined by equa t ion  ( 4 - 2 ) .
Table 4 -6  l i s t s  the use fu l  c o n c e n t r a t i o n  ranges 
f o r  accu ra te  d e t e r m in a t i o n s  as w e l l  as the r e l a t i v e  a n a l y s i s  
e r r o r  expected over  these ranges,  as deduced from the R ing ­
bom p l o t s  and the above c o n s i d e r a t i o n s .
TABLE 4-6
Useful  Ranges and Accuracy o f  De te rm ina t i ons
METAL RANGE
^ g m / m l
% RELATIVE ANALYSIS 
ERROR
IRON 30 - 100 1.50
NICKEL 30 - 200 2 . 0 0
CHROMIUM 20 - 130 1 .85
Lower c o n c e n t r a t i o n s  than those shown in  the t a b l e
may be determined but  are s u b j e c t  t o  e r r o r s  g r e a t e r  than 
those i n  Table 4 -6 .  The s m a l l e r  the c o n c e n t r a t i o n ,  the 
g r e a t e r  i s  the e r r o r  asso c ia ted  w i t h  i t s  d e t e r m i n a t i o n .  For 
example,  the r e l a t i v e  e r r o r  i n  c o n c e n t r a t i o n  may become 
a p p ro x i m a te l y  5% or  10% a t  c o n c e n t r a t i o n s  g i v i n g  per  cent  
a b s o rp t i o n s  o f  10% and 5% r e s p e c t i v e l y  [ 2 7 ] .
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5. Method o f  Standard A d d i t i o n s
This method f o r  d e te rm in in g  the m e t a l l i c  compos i t i on  
o f  a sample i s  u se fu l  when the chemical  background o f  the 
sample i s  unknown or  when the p r e p a r a t i o n  o f  a c a l i b r a t i o n  
curve is  not  j u s t i f i e d .  The sample i s  d i v id e d  i n t o  equal  
a l i q u o t s  to  which va r i o u s  amounts o f  s tandard s o l u t i o n  
i s  added. The absorbances o f  these s o l u t i o n s  are determined 
and the co mpo s i t i o n  o f  the sample i s  determined by g r a p h i c a l  
e x t r a p o l a t i  o n .
The method o f  s tandard a d d i t i o n s  was te s te d  f o r  the 
d e t e r m i n a t i o n  o f  i r o n  i n  N s u l f u r i c  ac id  a t  two n i c k e l -  
chromium i n t e r f e r e n c e  l e v e l s .  Both s o l u t i o n s  con ta ined  12 
^g m/ m l  Fe, whereas the n i c k e l  and chromium c o n c e n t r a t i o n s  
were 1 . 0  and 1 . 2  r e s p e c t i v e l y  i n  the f i r s t  and 1 0  and 1 2  i n  
the second. Five ml o f  the f i r s t  s o l u t i o n  was added to each 
o f  f o u r  25 ml v o l u m e t r i c  f l a s k s .  To the second,  t h i r d ,  and 
f o u r t h  o f  these was added 2 . 5 ,  5.0 and 7 .5  ml o f  l O ^ g m / m l  
s tandard  i r o n  s o l u t i o n .  A l l  f o u r  were then d i l u t e d  to  the 
mark w i t h  d i s t i l l e d  wa t e r .  These s o l u t i o n s  represen ted  0 , 1 ,
2 and 3^ g m / m l  o f  added i r o n .  The second s o l u t i o n  was 
t r e a t e d  i n  the same manner and the absorbance determined f o r  
each o f  these e i g h t  s o l u t i o n s .
Cor responding s o l u t i o n s  o f  the f i r s t  and second set  
gave i d e n t i c a l  absorbances and these are p l o t t e d  i n  F igure  
4-10 a g a in s t / t g m / m l  added i r o n .  The e x t r a p o l a t e d  curve 
i n t e r s e c t s  the c o n c e n t r a t i o n  ax i s  a t  2 . 4 ,  which when
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m u l t i p l i e d  by the d i l u t i o n  f a c t o r  g i ves  the i r o n  c o n te n t  o f  
the o r i g i n a l  s o l u t i o n  as 1 2 ^ gm /m l  which indeed i t  was.
The accuracy  o f  the method i s  ve ry  s t r o n g l y  depen­
dent  on the l i n e a r i t y  o f  the curve which r e s u l t s .
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V. CORROSION RUN - RESULTS AND DISCUSSION
Three ex per imen ta l  runs were per formed to  t e s t  the 
apparatus and to l a y  the groundwork f o r  a comprehensive 
research program which w i l l  h o p e f u l l y  f o l l o w .  I t  must be 
s t ress ed  t h a t  the purpose o f  t h i s  run was not  to determine 
a c c u r a t e l y  the c o r r o s i o n  r a t e ,  or  t o  e s t a b l i s h  the c o r r o s i o n  
mechanism o f  the system. I t  was hoped t h a t  i n f o r m a t i o n  
would be gathered which would be use fu l  i n  de s ign ing  an 
exper iment  t o  s tudy  the c o r r o s i o n  processes i n v o l v e d  w i t h  
the s t a i n l e s s  s t e e l - s u l f u r i c  ac id  system.
A. Exper imenta l  Procedure
A 57" l e n g t h  o f  s t a i n l e s s  s t e e l  p ipe o f  1 /2"  nominal  
s i z e  was i n s e r t e d  i n t o  the t e s t  l oop .  The loop was f l u s h e d  
t h o r o u g h l y  w i t h  hot  water  f o r  about  h a l f  an hou r ,  d r a i n e d ,  
and d r ie d  o v e r n i g h t  by a st ream o f  a i r .  A volume o f  4663 ml 
o f  93.19% s u l f u r i c  ac id  was poured i n t o  the 5 l i t r e  v e s s e l .  
The l i q u i d  temperature  was b rought  t o  60° C. Dur ing the 
t ime re q u i r e d  f o r  the ac id  to  reach the de s i r ed  t e m p e r a tu re ,  
and f o r  the d u r a t i o n  o f  the r u n ,  a i r  was i n t r o d u c e d  i n t o  the 
s o l u t i o n  th rough  the gas d i s p e r s i o n  tube.
S h o r t l y  a f t e r  the ac id  reached the de s i re d  t e m p e ra tu re ,
61
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the pump was swi t ched on and the f l o w  r a t e  was r e g u la t e d  by 
the c o n t r o l  va l ve  and kept  a t  the p r e - s e l e c t e d  ro tam et e r  
re a d in g .  P e r i o d i c a l l y ,  a 6  ml l i q u i d  sample was wi thdrawn 
from the vessel  and p laced in  a s m a l l ,  capped sample b o t t l e .
A 6  ml volume o f  reagent  g rade,  93.19% s u l f u r i c  ac id  was 
immed ia te l y  added to  the vessel  to  make up f o r  sample 
wi t h d r a w a l .
The f i r s t  few samples were analysed f o r  i r o n  as soon as 
they  cooled down s u f f i c i e n t l y .  This  was found to  be too 
h e c t i c  a p r ocedure ,  however,  and the remain ing samples were 
l e f t  to be analysed l a t e r .
The apparatus was l e f t  r u n n i n g ,  u n i n t e r r u p t e d ,  and 
samples were wi thdrawn p e r i o d i c a l l y  f o r  n ine hours .  The pump 
and temperature  c o n t r o l l e r  were then swi tched o f f .  The 
apparatus was not  d r a i n e d ,  but  a l lowed to  c o o l ,  s t a g n a n t ,  
o v e r n i g h t .  In the morning the tempera ture  c o n t r o l  was again 
swi t ched  on, and when the ac id  reached 60° C the pump was 
s t a r t e d .  This  t ime a d i f f e r e n t  f l o w  r a t e  was m a in ta in e d .  
A f t e r  2 1/2 hours the f l o w  r a t e  was again changed and 
ma in ta ined  a t  t h i s  va lue f o r  ano ther  2 1/2 hours .  At  t h i s  
p o i n t  the pump and tempera ture  c o n t r o l l e r  were swi t ched  o f f .
The apparatus was d ra ined  o f  ac id  im m e d ia te l y ,  and 
most o f  the ac id  t h a t  would not  d r a i n  out  was blown out  
w i t h  a i r .  Even a f t e r  a few days some ac id  remained in  the 
loop and about  4 l i t r e s  o f  tap water  were added to  the 
vessel  t o  f l u s h  t h i s  ou t .
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When the pump was tu rned on, the wash wa t e r  im med ia te l y  
became green in  c o l o u r ,  and somewhat t u r b i d .  When the pump 
was turned o f f ,  b la ck  s o l i d s  s e t t l e d  f rom the s o l u t i o n  
l e a v in g  a c l e a r ,  green s o l u t i o n  above. The s o l u t i o n  was 
analysed f o r  i r o n ,  n i c k e l  and chromium by the method o f  
s tandard  a d d i t i o n s .
The d e n s i t y  o f  the ac id  was measured w i t h  a hydrometer  
both p r i o r  t o  the run and a f t e r  i t s  co nc lu s io n
B. Resul ts
The r e s u l t s  o f  the analyses f o r  i r o n ,  n i c k e l  and 
chromium in  the samples p e r i o d i c a l l y  w i thdrawn are i l l u s t r a t e d  
i n  F igure 5-1.  The f i g u r e  i n c lu d e s  a l l  o f  the r e s u l t s  and 
rep res en ts  data taken a t  t h ree  d i f f e r e n t  f l o w  r a t e s .
In o rde r  to  determine whether  the re  was any s i g n i f i c a n t  
change in  the m e t a l l i c  co m po s i t i o n a l  r a t i o s  d u r i ng  the r u n ,  
the ( N i /F e )  and (Cr /Fe)  r a t i o s  were p l o t t e d  as a f u n e t i o n  
o f  exposure t im e .  This  p l o t  i s  shown in  F igure 5-2.  The 
expected ranges o f  these r a t i o s ,  as c a l c u l a t e d  f rom AISI  
s p e c i f i c a t i o n s  are a l so  shown in  the f i g u r e .
The a n a l y s i s  o f  the green,  a c i d i c ,  wash wate r  was as 
f o l 1 ows:
The b l a c k ,  c r y s t a l l i n e  s o l i d s ,  d i spe rsed  t h rou gh ou t  the 
appara tus ,  were not  c o l l e c t e d  and ana lysed.  Al though e s t i m a t i o n
ni  ckel
chromi urn
i  ron 700^gm/ml  
170 y^gm/ml 
190 ^ g m /m l
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Re = l 165 
v = l . 0 2  f t / s e c
Re=560 
v=0.49080
SHUT DOWN OVERNIGHT 
ACID LEFT STAGNANT TN PIPE 
AND ALLOWED TO COOL TO AMBIENT 
FOR 14.5 HRS.o c
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0
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EXPOSURE TO MOVING A C Ih  (H R S )
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o f  the q u a n t i t y  o f  t h i s  m a t e r i a l  i s  very  d i f f i c u l t ,  i t  
would seem as though a t  l e a s t  one gram was p re se n t .  The 
m a t e r i a l  responded s t r o n g l y  to  a magnet i c  f i e l d .
The d e t e r m i n a t i o n s  o f  ac id  d e n s i t y  were as f o l l o w s :
i n i t i a l  .......................  65.99° Be (approx 93.12% H2 S04 )
f i n a l  .66 .13°  Be (approx 94.05% H2 S04 )
C. D iscuss i  on
Figure 5-1 re p r e se n ts  the c o r r o s i o n  data i n  i t s  most 
us e fu l  form.  I f  the c o r r o s i o n  p roduc ts  were s o l u b l e  i n  the 
env i ronmen t ,  the c o r r o s i o n  r a t e  could be taken d i r e c t l y  
f rom t h i s  p l o t ,  s i nce  i t  would be p r o p o r t i o n a l  t o  the s lope 
o f  the curves i n  the f i g u r e .  Thi s i s  not  the case w i t h  t h i s  
system. N e v e r th e le s s ,  the f i g u r e  does p rov ide  some very  
i n t e r e s t i n g  i n f o r m a t i o n .
The i r o n  curve has a d i s t i n c t  p a r a b o l i c  s lope which 
suggests a t ime-dependent  parameter  i n  the d i s s o l u t i o n  p rocess.  
The f i r s t  f i v e  p o i n t s  o f  the curve are suspect  because the 
analyses as soc ia ted  w i t h  these were somewhat h u r r i e d .  As a 
r e s u l t ,  no sp e c ia l  s i g n i f i c a n c e  can be a t t r i b u t e d  to  the 
concave upward p o r t i o n  o c c u r r i n g  between two and th re e  hours 
exposu re .
The p a r a b o l i c  beh av io r  i s  observed again a t  the s t a r t  
o f  the second days r u n n i n g ,  and once more when the f l o w  
r a t e  i s  charged w i t h o u t  s topp ing  the pump. This p a r a b o l i c  
behav io r  i s  reasonable  i n  s i t u a t i o n s  where i n s o l u b l e  c o r r o s i o n
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products  form an imperv ious l a y e r  which r e s i s t s  f u r t h e r  
a t t a c k  o f  the metal  s u r f a c e .  The t h i c k e r  the l a y e r  becomes, 
the more s t r o n g l y  the c o r r o s i o n  i s  r e s i s t e d .  What seems 
to  be suggested by t h i s  d a t a ,  however,  i s  t h a t  the p r o ­
t e c t i v e  f i l m  i s  des t royed by a change in  f l o w  r a t e ,  and then 
r e - e s t a b l i s h e s  i t s e l f  i n  t ime .  The data i s  f a r  too i n ­
complete to  e s t a b l i s h  c o r r o s i o n  r a t e s ,  but  i t  i s  f e a s i b l e  
t h a t  the u l t i m a t e  f i l m  t h i c k n e s s ,  and hence the c o r r o s i o n  
r a t e ,  i s  s t r o n g l y  dependent  on f l o w  r a t e .
Too much emphasis must not  be p laced on the curves f o r  
n i c k e l  and chromium, s ince  the c o n c e n t r a t i o n s  determined are 
o u t s id e  o f  the range o f  maximum accuracy .  However, they 
are q u i t e  s u i t a b l e  f o r  q u a l i t a t i v e  d i s c u s s i o n .
Of p a r t i c u l a r  impor tance i s  the f l a t t e n i n g  out  o f  the 
n i c k e l  curve beg inn ing  a t  about  10 1/2 hours exposure.  The 
same phenomena is  observed in  the f a l l i n g - o f f  o f  the ( N i / F e )  
curve i n  F igure  5-2.  The o n l y  e x p la n a t io n  f o r  t h i s  i s  t h a t  
the s o l u t i o n  became s a t u r a t e d  w i t h  res pe c t  t o  n i c k e l  and 
m e t a l l i c  n i c k e l  formed in  the c o r r o s i o n  p r oduc t  l a y e r .  The 
b lack  m a t e r i a l  observed was assumed to  be n i c k e l  and suppor t s  
t h i s  argument.
Another  i n t e r e s t i n g  f e a t u r e  o f  F igure  5-2 i s  t h a t  most 
o f  the (Cr /Fe)  va lues are below the lower  l i m i t  t h a t  would 
be expected on the bas is  o f  AISI  s p e c i f i c a t i o n s  f o r  316L 
s t a i n l e s s  s t e e l .  A l though the m e t a l l i c  compos i t i on  o f  
t he s t a i n l e s s  s t e e l  specimens used in  t h i s  s tudy  was not
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de te rm ined ,  i t  i s  not  unreasonable t h a t  the p ipe i n v o l y e d  
does not  meet the s p e c i f i c a t i o n s .
C a l c u l a t i o n s  based on the a n a ly s i s  o f  the a c i d i c  
washwater i n d i c a t e  t h a t  the t h i c kn e s s  o f  the c o r r o s i o n  
p roduc t  l a y e r ,  assuming i t  was composed o f  metal  s u l f a t e s ,  
was a p p ro x i m a t e l y  2.5 m i l s .  Thi s i s  much t h i c k e r  than 
the pass ive l a y e r  n o rm a l l y  d iscussed in  p a s s i v i t y  t h e o r i e s .
There are severa l  reasons why the ac id  inc reased in  
s t r e n g t h  over  the d u r a t i o n  o f  the t e s t .  The l a s t  ten 
samples or  so were r e p l e n i s h e d  w i t h  s t oc k  co nc en t ra ted  
s u l f u r i c  ac id  (95-98%) because the supp ly  o f  93.2% ac id  
became exhausted.  Apar t  f rom t h i s  however,  the hydrometer  
used can read d e n s i t y  o n l y  to  w i t h i n  0.05°  Be" and so the 
d i f f e r e n c e  i n  d e n s i t y  i s  o n l y  s l i g h t l y  l a r g e r  than the 
p o s s ib l e  d i f f e r e n c e  due to  e r r o r .
The r e l a t i v e  e r r o r  i n  the i r o n  c o n te n t  o f  the l a s t  
sample,  due to  sample rep lacement  w i t h  m e t a l - f r e e  a c i d ,  
was c a l c u l a t e d  as 1.9%. The d e v i a t i o n  o f  the ex p ress ion  
used in  t h i s  c a l c u l a t i o n  i s  g i ven i n  Appendix IV.
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VI .  CONCLUSIONS AND RECOMMENDATIONS
A. Performance o f  the Flow System
1. The apparatus per formed ve ry  w e l l  i n  regard to 
temperature  c o n t r o l ,  and f l o w  measurement and c o n t r o l .
2. The pump was not  capable o f  p r o v i d i n g  f l o w  r a te s  
s u f f i c i e n t l y  h igh  to  adequate l y  s tudy  c o r r o s i o n  i n  the 
t u r b u l e n t  f l o w  regime in  a l l  t h ree  p ipe s .  The c o r r o s i o n  
o f  s t a i n l e s s  s t e e l  p ipes i n  l am in a r  f l o w  cou ld  be s t u d ie d  
w i t h  the p resen t  equipment .
3. Leaks deve loped,  a t  some o f  the f l anged  assembl ies 
j o i n i n g  the g lass  p i p i n g  and f i t t i n g s ,  over  the course o f  
t he c o r r o s i o n  exper iment .  Whi le  these may be r e p a i r e d  by 
r e p l a c i n g  the f l a ng es  and ga s k e ts ,  some c o n s i d e r a t i o n  
should be g iven to  an a l t e r n a t i v e  p i p i n g  m a t e r i a l .  Perhaps 
p o l yp rop y le ne  or  T e f l o n  p i p i n g  would be more s u i t a b l e .
B. A n a l y t i c a l  Procedure
1. The procedure developed to  s im u l t a n e o u s ly  de termine 
i r o n ,  n i c k e l ,  and chromium in  s u l f u r i c  ac id s o l u t i o n s  i s  
adequate f o r  a c o r r o s i o n  research  program.
2. Scale expansion o f  the r e ad - o u t  f a c i l i t y  may be
use fu l  i n  l ow er ing  the c o n c e n t r a t i o n  o f  metal  which may be
a c c u r a t e l y  de termined.  A r e c o r d e r  w i t h  sca le  expansion i s
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being purchased.
3. The method o f  s tandard  a d d i t i o n s  g i yes  adequate 
r e s u l t s  and should be used when a c a l i b r a t i o n  curve i s  not  
a v a i l a b l e .
C. Recommended Exper imenta l  Procedure
1. An i n i t i a l  sample should be taken p r i o r  t o  s t a r t i n g  
the pump, and samples should be crowded towards the b eg in n ­
ing o f  the run.
2. At the co n c lu s io n  o f  the r u n ,  immed ia te l y  d r a i n  
the a c i d ,  and f l u s h  w i t h  a known volume o f  d i s t i l l e d  w a te r .
3. C o l l e c t  the washwater  l e a v in g  the t e s t  s e c t i o n  
d u r i ng  the f l u s h i n g  p rocedure ,  and f i l t e r  out  the s o l i d s  
p res en t .  Dry and weigh the s o l i d s ,  and analyse both the 
s o l i d  m a t e r i a l  and the washwater f o r  i r o n ,  n i c k e l  and 
chromi  urn.
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ROTAMETER CALIBRATION DATA
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APPENDIX I 
TABLE T 
Rotameter  C a l i b r a t i o n  Data
Temperature
(°C)
Rotameter  
Readi ng
Flow Rate 
( 1 bs / se c ]
Number 
o f  runs
Percent
D e v i a t i o n
30 3.5 0.0199 2 3.761
30 4.0 0.0396 2 0.883
30 5.0 0.1034 3 0.302
30 6 . 0 0.1706 2 0.223
30 6.7 0.2385 2 1.098
30 7.5 0.3141 2 0.361
40 4.0 0.0459 2 0.566
40 5.0 0.1196 2 0.719
40 6 . 0 0.2024 2 0.135
40 7.0 0.3088 2 0.670
40 7.5 0.3563 1
40 7.6 0.3731 1
50 3.9 0.0451 2 0 . 1 1 1
50 5.0 0.1309 2 0.267
50 6 . 0 0.2305 2 0.039
50 7.0 0.3432 2 0.457
50 7.75 0.4320 1
60 3.5 0.2432 2 1 .37
60 4.0 0.0539 2 0.176
60 5.0 0.1412 2 0.028
60 6 . 0 0.2503 2 1 .416
60 7.0 0.3727 2 0.497
60 7.5 0.4357 2 0.653
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A P P E N D I X  I I
CONVERSION FACTOR TABLES
Based on the p h ys i c a l  p r o p e r t i e s  o f  6 6 ° B e  s u l f u r i c  
ac id  and the measured i n s i d e  pipe d iameters ,  the f o l l o w i n g  
conve rs ion  t a b le s  were c o n s t r u c t e d .
TABLE I I -1
Reynolds Number Fac to r  R* (Re = R*xv,  v [ = ]  f t / s e c )
Pi pe 
Size 30
Temoerature (°C) 
40 50 60
1/4 315 413 519 654
1 / 2 551 721 906 1141
3/4 735 962 1209 1523
TABLE 1 1  - 2
Mass Flow Rate Fac to r W* (v = W*xw, w[= ]  l b / s e
Pi pe
•
Temperature (°C)
Size 30 40 50 60
1/4 12.889 1 2 .961 13.033 13.104
1 / 2 4.229 4 .253 4.276 4.300
3/4 2.373 2 .387 2.400 2.413
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RANGES OF FLOW WHICH MAY BE STUDIED
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX H I  
TABLE i r r  
Ranges o f  Flow Which May Be Stud ied
Temp
C°c)
Pi pe 
Size
w
l b  / sec  m
V
f t / s e c
Re
30 1/4 0 .040 -0 .350 0.515-4.511 163-1423
30 1 / 2 0 .040-0 .350 0 .169-1 .480 93-815
30 3/4 0 .040 -0 .350 0.095-0.831 70-610
40 1/4 0 .046 -0 .415 0 .596-5 .379 246-2221
40 1 / 2 0 . 046-0 .415 0 .196-1 .765 141-1273
40 3/4 0 .046 -0 .415 0.110-0 .991 106-953
50 1/4 0 .046 -0 .430 0 .600-5 .604 311-2907
50 1 / 2 0 .046-0 .430 0 .197-1 .839 178-1665
50 3/4 0 .046 -0 .430 0 .110-1 .032 133-1248
60 1/4 0 .025 -0 .435 0 .328-5 .700 214-3725
60 1 / 2 0 .025-0 .435 0 .107-1 .870 123-2134
60 3/4 0 .025-0 .435 0 .063-1 .050 96-1599
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EVALUATION OF THE ERROR INVOLVED SAMPLING
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A P P E N D I X  I V
EVALUATION OF THE ERROR INVOLVED IN SAMPLING 
Consider  the sampl ing procedure i l l u s t r a t e d  below;
—1 iw im
l L Q j
\ l
W a i
where V = t o t a l  volume o f  c i r c u l a t i n g  c o r r o d e n t ,  ml
vw = volume o f  sample w i t h d r a w a l ,  ml
vm = volume o f  make-up a d d i t i o n ,  ml
(M) . = c o n c e n t r a t i o n  o f  metal  i n  c o r ro d e n t  a t  t ime t - ,  
9 1  ytfgm/ml
M.j = q u a n t i t y  o f  metal  i n  co r ro d e n t  a t  t ime t . ,  gm 
*
M. = q u a n t i t y  o f  metal  t h a t  would be i n  c o r r o d e n t  a t
t ime t-j -ff a l l  p rev ious  samples had not  been
t a k e n ,  gm
The c o r r o s i o n  exper iment  i s  s t a r t e d  a t  t=0 when
M = 0  and ( M)_ _ = 0 o ao
At subsequent  t imes t-j , t 2 > t ^ .......................  samples
are wi thdrawn o f  volume vw ml each and metal  c o n c e n t r a t i o n s
(M)ai , ( M) a 2 > ( M) a3
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At the Nth sample Is  w i t hd rawn .  Ju s t  p r i o r  to  t ^ ,
Mn = CH)aN*V*106
I f  samples 1 , 2 , 3 ,  ....................  N- l  had not  been w i t h d r aw n ,
assuming ( 1 ) v = v 
3 w m
( 2 ) t h e re  i s  no change in  (M)a between sampl ing and 
make-up,  then the q u a n t i t y  o f  metal  i n  the c o r r o d e n t  would be 
g iven  by
N„*  '  (M)aNxV x l 0 6 +vwx l 0 6 [ ( M ) a l + (M)a2+ ................... W a . N - l 3
The r e l a t i v e  e r r o r  i n  the compos i t i on  o f  the Nth 
sample i s  equal  to  (M^ -
r e l a t i v e  e r r o r  ^ vw[ ( M ) a l + ^M^a 2 + ................... ^ a , N - l ^
i n  Nth sample Vx(M) M+v [ ( M) +(M) + . . . (M) ]aN w al  a2 a , N - l
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